Anchoring of Dye Molecules on a
Nickel Oxide Surface

-An Atomic Force Microscopy Study-

INAUGURALDISSERTATION
zur
Erlangung der Wiirde eines Doktors der Philosophie
vorgelegt der
Philosophisch-Naturwissenschaftlichen Fakultat
der Universitat Basel

von

Sara Freund

aus Frankreich

Basel, 2019

Originaldokument gespeichert auf dem Dokumentenserver der Universitat Basel
edoc.unibas.ch



Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultat

auf Antrag von:

Prof. Dr. Ernst Meyer
Prof. Dr. Sabine Maier

Basel, 18. September 2018

Prof. Dr. Martin Spiess, Dekan



“Through the Force, things you will see.”
Yoda — Star Wars Episode V: The Empire Strikes Back

To S. K., whose memory gave me,
so many times, the strength not to give up.






Abstract

HE properties of metal oxides, such as NiO, can be modified when functionalized
with organic molecules. This kind of organic/inorganic interfaces are nowadays
highly regarded, in particular, for the design of hybrid devices such as p-type

dye sensitized solar cells (DSSCs). A key parameter for optimized interfaces relies not
only in the choice of the compounds but also on their adsorption properties. The latter
predicates fundamental studies of surface/molecules interactions at the nanoscale.

In this thesis, non-contact atomic force microscopy (nc-AFM) is first of all used at
room temperature (RT) to investigate the surface of NiO(001). Following a well defined
preparation process, atomically clean and flat surfaces are obtained. The adsorption
of a set of different organic molecules, involving several deposition methods, on these
surfaces is studied. The first strategy relies on thermal evaporation of molecules. Using
this technique, two standard dye molecules, which are normally used for the design of
n— and p—-type DSSCs are compared. Kelvin probe force microscopy (KPFM) is used
to quantify and observe the direction of the charge transfer between the metal oxide
surface and the molecules, which appears to occur in opposite directions depending on
the studied molecule. The second strategy used for functionalization is on—surface syn-
thesis, where the dye molecules are assembled directly on the surface of NiO(001). RT
nc-AFM as well as low temperature (LT) scanning tunnelling microscopy (STM)/AFM
are used in order to follow this assembly process not only on NiO(001) but also on
Au(111), highlighting that the reaction is surface independent. On both surfaces, the
adsorption of the dye precursor, which occurs in a transoid geometry, as well as the
formation of the corresponding metal complex, resulting in a cisoid conformation, are
observed with submolecular resolution. The last sensitization strategy investigated in
this work involves electro spray deposition (ESD). In order to test the good functioning
of this method it is first applied to the well known Cgg organic molecule, resulting in
interfaces that are not accessible via other preparation methods but fulfilling the clean-
liness prerequisite of nc-AFM imaging. Finally, ESD is used to study three different
dye molecules and their structure is resolved with submolecular accuracy.
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Introduction

HE question of energy conversion is a central topic in nowadays lives. In 2000, the
global annual energy consumption was about 13 TW per year [1]. Considering
the population growth and the increasing energy demand, one can expect this

number to reach 28 TW in 2050 [2,3]. Currently, 80% of the consumed energy is
originating from fossil fuels [4], which has dramatical geopolitical and environmental
consequences. Because the carbon based resources of our planet are limited, it is
evident that this problem will lead to an even more tense worldwide situation in a near
future, if nothing is done to find a renewable alternative to fossil energies. Given that
the practical terrestrial global solar potential value has been estimated to be roughly
600 TW [1], solar power establishes itself as one of the most promising carbon—free
solutions [5].

As for now, the best conventional silicon based solar cells are reported to have an
efficiency lying around 22% [6]. However, the high production cost as well as the rather
long energy payback time of this type of cells, is still limiting the popularization of
this kind of technology. Dye sensitized solar cells (DSSCs), which were developed by
O’Regan et al. as from 1991, are an encouraging option for the replacement of less
cost effective devices. Indeed, using this type of hybrid solar cells, the production
costs can be divided by six and the energy payback time by two [1]. On the other
hand, nowadays, the best DSSCs deliver an efficiency of only about 11% [6], which is
still far away for what can be achieved with silicon based solar cells, emphasizing that
intensive research are still needed in this field in order to equal the performance of
standard cells.

The principle of DSSCs, which is depicted in figure [i.1h relies on a photoactive
anode consisting in a n-type semiconductor TiO, sensitized with organic dye mole-
cules. Once these molecules are adsorbed on the surface of the semiconductor, they
can adsorb incoming photons leading to the excitation of electrons from their high-
est occupied molecular orbital (HOMO) to their lowest unoccupied molecular orbital
(LUMO). From there, electrons are then injected in the conduction band (CB) of TiO,
and can be collected in form of an electron current. The main problem of this kind
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of n—type cells, is that their conversion efficiency is restricted by a theoretical limit of
30% [7]. To overcome this issue, He et al. exposed the concept of tandem DSSCs [8]|9),
resulting in an increase up to 43% of the theoretical efficiency limit [7]. In essence,
the idea behind this concept is to build a cell were both electrodes are photoactive.
This can be achieved by coupling a standard n—type DSSC to a p—type cell, based
on a photoactive cathode where the electron flow occurs in an opposite direction (see

figure [i.1p).
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Figure i.1: Principle of DSSCs. a, n—type DSSC relying on a photoactive anode.
b, p—type DSSC based on a photoactive cathode.

In the past years, several promising materials, such as Cu(I)-based delafossite com-
pounds: CuMO, (M = Al, Ga or Cr), with p—type semiconductor properties have been
intensively investigated [10-12]. Nonetheless, NiO is known to be the first reported
wide band gap p-type metal oxide [13] and is therefore also the most studied material
for the application in p—type DSSCs [14H16].

As for n—type cells, one of the key parameters for the proper functioning of optimized
p-type devices is the adsorption configuration of the dye molecules on the surface of
the semiconductor. However, contrary to TiO/sensitizer interfaces that have been in-
tensively investigated on the macro— as well as on the nanoscale [17-25], the anchoring
of molecules on NiO surfaces have mainly been studied by fabrication of prototypical
devices [26,27]. Thus, there is a lack of information concerning the NiO/sensitizer
interfaces at the level of single molecules.

Consequently, the following work focuses on the probing of these type of interfaces
using non—contact atomic force microscopy (nc-AFM) in order to reach submolecular
resolution. First the probing techniques, which were used for the realisation of this
study are described from a theoretical- and experimental point of view. The historical
background and the working principle of nc—AFM as well as several scanning modes
are described in chapter [1} whereas the experimental set—up, materials and methods
are exposed in chapter [2l Then, a brief introduction to comparable and related works
also investigating the surfaces of metal oxides is given in chapter The extensive
application field relying on these kind of surfaces is discussed and different prepara-
tion strategies to obtain atomically flat and clean samples are reviewed. Additional to
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NiO, the examples of TiO, and MgO are cited because of their common traits with the
first material. TiOs due to its similar application field and MgO due to its structural
resemblance with NiO. Characterization with atomic resolution as well as the func-
tionalization of all three surfaces are discussed. In chapter [i] the surface of NiO(001) is
imaged by nc—AFM at room temperature (RT). Different scanning modes are used in
order to resolve the substrate with atomic scale accuracy. The defects present on the
surface are also investigated and described. The three next chapters are then dedicated
to the sensitization of NiO(001) with several organic molecules using different function-
alization strategies. In chapter [5| a comparison between two standard dye molecules,
that are designed for n— and p—type devices, respectively, is shown. Both molecules
are deposited via thermal evaporation and their adsorption on NiO(001) is studied by
nc-AFM and Kelvin probe force microscopy (KPFM). In chapter [f] sensitization via
on—surface synthesis is discussed. There, the adsorption of a dye precursor as well as
the formation of its corresponding metal complex is studied. Both are imaged with
submolecular resolution and a major conformation change is observed upon metal co-
ordination. Finally, in chapter m, electro spray deposition (ESD) is used in order to
prepare interfaces that are not accessible via other preparation methods. There, larger
dye molecules are deposited on the surface of NiO(001) and their structure are resolved
by nc—AFM.






Experimental Methods: Principles

HE investigation of functionalized metal oxides, and NiO in particular, at the
nanoscale requires reliable investigation techniques that allow to resolve a large
set of interfaces with atomic accuracy. This can be done by scanning probe

microscopy (SPM) which is a field that gathers noninvasive probing techniques where a
physical sensor is scanned over the surface of a sample. The developement of this type
of microscopy initiated a breakthrough in terms of resolution from 1983 when Binnig
et al. imaged for the first time the atomic structure of the Si(111)—(7x7) [28]. SPM
techniques, where single atoms can be imaged, are still considered nowadays as the
most performing surface investigation methods regarding magnification scales. This
chapter is dedicated to the presentation of different scanning probe techniques that are
used in this work. Several scanning modes leading to the enhancement of the imaging
resolution are described.

1.1 Scanning Tunnelling Microscopy

Since the invention of the first scanning tunnelling microscope (STM) by Binnig and
Rohrer in 1981 [29], this technique has became an indispensable tool in the domain
of surface science. STM was developed based on the quantum tunnelling effect which
describes the property of an electron to tunnel through a potential barrier between
two electrodes with a non—zero probability. This is implemented in STM where the
potential barrier corresponds to the vacuum gap between the probing tip and the
surface of the sample. After applying a bias voltage Vzras between the two electrodes
and bringing them close enough together, the current starts to flow. This current I,
is exponentially dependent from the tip/sample distance. Thus the smaller the gap,
the larger is the current. Therefore, the tip/sample distance can be regulated via a
feedback loop in a way that the tunnelling current I; is kept constant (see figure .
This distance adjustment is recorded and converted into a topographic map of the
studied surface. Consequently, because its principle entirely depends on the presence
of current flow, the greatest limitation of STM, is that it can be performed only on
electrically conductive samples.
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Figure 1.1: Schematic representation of a STM. The current is kept constant via
a feedback loop which consequently adjusts the tip sample distance. This is measured
and converted into a topographic map of the surface of the sample.

1.2 Non—Contact Atomic Force Microscopy

It is only from 1986 and the invention of the atomic force microscope (AFM) [30] that
insulating materials could be investigated with the prospect of resolving their surface
with the same accuracy than the one which could be reached on metallic samples.
AFM is a mechanical based method guided by the principle of scanning the surface of
a sample with a sensor which consists usually of a cantilever terminated with a sharp
tip. As the tip is approached to the surface, the deflection of the cantilever is measured
and converted, among others, into topographic information. AFM can be operated in
different modes, where the interaction forces F; between the tip and the sample are
measured. The first mode, better known as contact mode consists of dragging the probe
along the surface, whereas the dynamic mode is based on the controlled oscillation of
the sensor, which can be done by means of two distinct modulation modes: amplitude
modulation (AM-AFM) also called tapping mode or frequency modulation (FM-AFM)
also known as non-contact AFM (nc-AFM).

The latter mode, which was introduced by Albrecht et al. in 1991 [31], and which
is generally performed under ultrahigh vacuum (UHV) condition, is known to deliver
high quality images with atomic resolution, and this starting from 1995 [32-34]. As
already mentioned above, the working principle of this technique, which is sketched
in figure [I.2h, relies on the measurement of the interaction forces between the tip and
the surface. In essence, the cantilever is first of all excited at its eigenfrequency f;
and the oscillation amplitude is set constant via a regulation loop. When the sensor is
then brought closer to the surface, because of these interaction forces, the oscillation
frequency shifts to another value f leading to a resonance change of the cantilever
which can usually be measured by a laser beam that is reflected from the back of
the probe into a four quadrants photo—diode detector (QPD). Comparably to what
is described in section , in the nc-AFM mode, the tip/sample distance is adjusted
via a feedback loop in a way that the frequency shift Af = f — f; is kept constant
resulting into topographic informations.
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Figure 1.2: Schematic representation of a nc—AFM. In nc-AFM, the frequency
shift Af is kept constant via a feedback loop which consequently adjusts the tip sample

distance. This is measured and converted into a topographic map of the sample surface.

1.2.1 Interaction forces

When the cantilever is oscillating at small amplitudes, the relation between the mea-
sured A f and the interaction forces F; experienced by the tip is given by :

Af(z) = —g—;algf) (1.1)

where z is the separation distance between the tip and the sample, f; is the resonance
frequency of the cantilever, k is its stiffness and 0F;(z)/0z is the averaged force gradient
over the tip oscillation cycle. Whereas this force gradient is considered as constant for
small oscillations amplitudes (A < 100 pm), it can vary by several order of magnitude
as the amplitude of the oscillation is increased. Thus a more general expression of the
measured frequency shift is given by :

Af(z) = —WQA /1_1 Fi(z + A(1 +u)) (ﬁ) du (1.2)

where u/v/1 —u? acts as a weight function describing the contribution of Af with
respect to the oscillation amplitude.
This expression can be approximated by several methods [36-38], one of those
being the one proposed by Sader and Jarvis , where the interaction forces between
the tip and sample are described by:

2k [ Al/2 A3/2 P
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where d is the closest tip/sample distance. This expression therefore highlights
that the sensed interaction forces strongly depend on the oscillation amplitude A of
the sensor but also on the tip/sample distance z.

This can also be seen in figure [[.3] where the main interaction forces which can lead
to a frequency shift of the cantilever are plotted with respect to z. It is worth to
mention here that some interactions, such as magnetic forces, are not represented in
this plot, because, in the frame of the present work, their contribution is thought to
be negligible in comparison to the other forces that are described below.
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Figure 1.3: Interaction forces. Plot of typical interaction forces arising between tip
and sample in function of the distance (z). The short range chemical forces, which are
responsible for atomic resolution, are mazimized in nc—AFM by adjusting the tip/sam-
ple distance as well as the oscillation amplitude of the tip.

As the cantilever is approached to a surface, it experiences a sum of forces (F;)
originating from short range chemical (Fipe,,) interactions, as well as long range forces
such as electrostatic (F,;) and Van der Waals (Fy 4w ) interactions. Depending on the
tip/sample separation distance, different forces are dominant and can consequently
strongly influence the measurements. In figure it is shown that, while the tip is
approached to the surface, the cantilever experiences firstly attractive forces. This
region (in green), where the slope of the representative curve of Fj is positive, is
called the attractive or non-contact regime. Thus, when measuring nc—AFM, the tip
is oscillating within this specific region.

In addition, molecular or atomic resolution, which is the ultimate aim of the nc—
AFM mode, can in general, only be reached in a regime where short range forces,
such as chemical forces, are dominantly sensed by the tip. Therefore, the long range
force have to be minimized, which can be done by adjusting the distance between
tip and sample. Indeed, as the tip is brought close to the sample, the cantilever is
first dominantly sensitive to long range attractive forces such as Van der Waals or
electrostatic interactions. Van der Waals forces, emerge from the fluctuation of the
electron density when two atoms are brought close to each other. Assuming a spherical
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tip with radius R in close vicinity z to a planar surface, the Van der Waals forces are
given by [40H42]:

R
where Ag is the Hamaker constant depending on the materials of tip and sample.
On the other hand, electrostatic forces arise because, in general, tip and sample have
different work functions (see section [I.2.4] for more details). Considering again a spher-
ical tip over an infinite plane, both being conductive, the electrostatic forces are ex-
pressed as follows [43]:

R—2V2
2(z+ R)
where ¢ is the vacuum permittivity and V' the potential difference between sample
and tip.

From equations and it can be seen that both types of long range interac-
tions depend on the tip radius R but are also inversely proportional (or quadratically
inversely proportional) to the tip/sample distance. Consequently, long range contri-
butions originating from these forces are less dominantly sensed when sharper tips are
used, which is however difficult to control especially when measuring at room temper-
ature (RT), or when the distance between the sample and the tip is decreased.

At smaller tip/sample separation short range forces are, consequently, dominantly
sensed. These interactions consist of short range electrostatic forces, resulting from
local charges or dipoles, and also chemical forces. The latter, arise when two atoms
are separated only by few Angstroms [44]. In this case, the uppermost atom of the tip
apex forms a temporary bond with the surface. The chemical interaction is generally
associated to a Lenard—Jones potential, which depends on the bonding energy Fjyong
and the equilibrium distance o, and is well described by [45]:

Fupomy = — 12720 {2 (3>7 - (5)13] . (1.6)

g z z

Fog = —meg

(1.5)

However, in some cases, this interaction is better described by the exponential depen-
dence of a Morse potential and the chemical force contribution is written:

Fchem,Morse = _Ebond(ze_m(z_a) - 6_25(Z_U)) (17)

where k is the decay length of the bonding interaction.

When the tip/sample distance is further decreased, it is entering the repulsive or
contact regime where the representative curve of F; exhibits a negative slope (in red
in figure . In this region, the detected forces are predominately repulsive, which is
not desired when imaging in nc—-AFM mode, because the measurement regulation is
set for attractive forces, where the slope of the representative curve of F; is positive.
Thus, because the scanning cannot be regulated correctly in this region, it can lead
to the fact that the tip enters violently in contact with the sample, resulting to the
damaging of both of them, especially when the sensor is oscillating at large amplitudes.



Chapter 1. Experimental Methods: Principles

In consequence, finding the optimum combination between tip/sample distance and
oscillation amplitude is a fine adjustment undertaking.

In practice several methods were developed for minimization or compensation of long
range forces and maximization of short range chemical interactions. These methods,
which lead to the enhancement of the imaging contrast, can be applied in addition to
nc—AFM measurements and are described below.

1.2.2 Multimodal AFM

Besides its eigen frequency f;, the cantilever can be exited to several oscillation modes
which can be beneficial for the improvement of the imaging resolution. The most
commonly used resonance modes are depicted in figures [1.4h—c.

(a) (b) (c)

/"r[f " _4" ———

Figure 1.4: Oscillation modes and multimodal AFM. Several excitation reso-
nances can be used in multimodal AFM. Among others: a, first normal (f1); b, second
normal (fy) and e, first torsional (frr). d, Sketch of multimodal AFM using a nor-
mal flexural and torsional resonances in order to gain high resolution informations. e,
Topographic image showing a single P1 dye molecule (see sectionm adsorbed on a
surface. f, Afrr image of the same molecules, acquired simultaneously thanks to the

torsional resonance, showing submolecular contrast. Scan parameters: As = 400 pm,
Arg =80 pm, Afy = —38 Hz.

When the cantilever is excited to its second normal flexural mode (fs ~ 6.28 - f1)
its stiffness is increased by about fourty times. This allows to excite the cantilever
with lower oscillation amplitudes (typically between 400 and 800 pm). In other words,
in comparison to the first normal mode (f;) where the cantilever is excited at larger
amplitudes (in a range that goes typically from 1 to 10 nm), the tip stays in average
longer in close vicinity to the surface when it is excited to its second resonance. This
allows to sense short range forces at slightly larger tip/sample distance, thus avoiding
to enter the repulsive regime, resulting in more stable scan conditions , and
limiting the modification or the damaging of the tip and the sample [48].

10
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In addition, the cantilever can be excited to several resonance modes at the same
time. In this work, the excitation was limited to two simultaneous oscillations by the
employed acquisition system, which is described in section [2.1.3] This superposition
principle is called multimodal AFM (see figure ) and it offers the possibility to
measure simultaneously different long and short range interaction forces [46,47,49,50).
In this type of scanning mode, the cantilever can, for instance, be oscillated to one of
its normal flexural modes, leading to topographic information, in addition to its first
torsional resonance (frg in figure ) which is more sensitive to short range lateral
forces. Because the oscillation amplitude of the torsional resonance is typically few
tens of picometers, the measurement of its frequency shift A frr depends directly on
the local force gradient in the vertical direction. This can give access to submolecular
contrast on samples where it is not possible while operating standard nc-AFM. It can
be clearly seen when comparing figure [[.4, where a single molecule is imaged with the
second flexural resonance, and figure showing submolecular contrast of the same
molecule imaged with the first torsional mode. However, since the torsional mode
is not a direct measurement of the topography but rather indicates the variations of
the local force gradient in the vertical direction, it often results in contrasts that are
difficult to interpret especially when scanning single molecules or molecular assemblies.
Therefore this mode is usually used to resolve symmetric structures with a well defined
periodicity, such as the atomic lattice of a crystal surface.

1.2.3 Multipass AFM

The so called multipass technique was recently introduced by Moreno et al. and
successfully applied at temperatures up to 80 K where intramolecular bonds could be
resolved [51]. This method also delivers satisfying results at RT, where submolecular
resolution can be reached [52,53]. The principle of multipass AFM is sketched in
figure In essence it consists of recording a first scan pass in a normal nc-AFM
mode at a certain tip/sample distance in the atttractive regime, i.e. while regulating
this distance with a closed feedback loop which keeps Af constant. A second scan
line is then acquired with an open feedback loop following the topography recorded
in the first pass and reducing the tip/sample distance by applying a constant z,f fset-
The fact that no regulation is applied to this second pass, contrary to normal nc-AFM
mode, allows the tip to reach into the repulsive regime where the internal structure
of a molecule can be imaged thanks to Pauli repulsion [54], without crashing. This
is illustrated in figure [L.5p and where a topographic image of a single molecule
acquired at RT in the first scan line and the Af; image of the same molecule, are
presented, respectively. Comparing both images, emphasizes that the imaging contrast
can be drastically enhanced when applying the multipass technique even at RT. In
figure , where second pass images are plotted with respect to the applied 2z, fset
the passage of the tip from the attractive into the repulsive region can be seen. This
is illustrated by a contrast inversion as the sensor is brought closer to the surface. In
this specific example, a clear difference can already be noticed as the z,ffse is reduced
from —200 pm to —400 pm. A further resolution improvement is observed when the
tip/sample distance is even further reduced.

11
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(a) 1st Pass
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» 2nd Pass
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Figure 1.5: Multipass AFM. a, Sketch of multipass technique. b, Topographic
image acquired in the first scan line showing a single ruthenium based dye molecule
(see section madsorbed on a surface. ¢, Afi image of the same molecules, acquired
in the second pass and applying a constant z,¢tset 0f —600 pm, showing submolecular
contrast. d, 3D map showing the frequency shift images recorded in the second pass in
function of the zofpser. Scan parameters: Ay =4 nm, Afi = =13 Hz, Zofpser = —200
to —600 pm.

1.2.4 Contact potential compensation

In contrast to Van der Waals forces, the electrostatic forces which arise between the
tip and the sample can be compensated in nc-AFM. According to Lord Kelvin, this
electrostatic interactions occur between two materials arranged in a capacitor geometry
if they possess different work functions . In the case of a tip and a sample spatially
separated, this leads to the misalignment of their Fermi levels Epr and Epg (see
figure ) In return, if the tip and the sample are electrically connected, their Fermi
levels align resulting in the charging of both sides and therefore to the appearance of
a contact potential difference (figure [L.6p):

1
Vepp = EA(I) (1.8)

where the difference in work functions is A® = &g — &.
The resulting attractive force between both sides of the capacitor, which has already
been described by equation [1.5]| can also be written:

10C
EE(VBIAS —Verp)?

and can therefore be compensated when an additional DC—voltage Vgras = Vepp is

applied to the sample (figure )
In practice, Vopp is measured while recording the parabolic dependence of Af via

a bias sweep as the tip is oscillating over the surface. The maximum of this parabola

Fa= (19)

12



1.3. Kelvin Probe Force Microscopy

delivers the local CPD value which is measured at one specific spot of the surface. If
this bias voltage is then applied to the tip/sample system the contribution of electro-
static forces can be minimized. Nevertheless, this implies that the CPD value should
be equally distributed over the surface, which is most of the time not the case, espe-
cially if the sample consists of several materials, e.g. a single crystal functionalized
with molecules. In that case, Kelvin probe force microscopy (KPFM), which is dis-
cussed in the section below, is the most appropriate technique for the compensation
of electrostatic forces.

(a) (b) (c)
E‘mc E‘.rac E vac A
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gy
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Figure 1.6: Contact potential difference. a, When two materials with different
work functions are electrically disconnected, their Fermi levels are misaligned. b, They
equalize after connection of both electrodes giving rise to an electric field between them.
¢, The latter can be compensated when a bias voltage (Vras = Vopp) is applied to
the electrodes.

1.3 Kelvin Probe Force Microscopy

Kelvin probe force microscopy (KPFM), which was reported at the nanoscale level in
1991 [56,/57], allows to measure the work function of a sample. The working principle
of this technique relies on the same postulate which is used for the compensation of the
local CPD, except that it is extended over the whole surface. Effectively, this can be
done by modulating the force field between sample and tip by applying an additional
AC-voltage Vaccos(wt), where w is the frequency of this AC—voltage. This results in
an oscillating electrostatic interaction and consequently to cantilever excitation at a
frequency w. The expression of the interaction forces between tip and sample then
becomes:

10C
2 0z [

Similarly to AFM, KPFM can be run in different modes, and the attractive forces
F,; can be detected by two distinct lock—in techniques. In the amplitude modulation
mode (AM-KPFM), the amplitude of the oscillation of the cantilever, is measured and
set to zero via a feedback loop which compensates Vopp by applying the adequate

F, = Voe — Vepp + VAccos(wt)]2 (1.10)
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Chapter 1. Experimental Methods: Principles

Vbe . This, consequently, results in a work function map of the sample where the
contrast is given by the variation of Vpe. Using this method and setting w so that
it coincides with the second resonance of the cantilever, has the advantage that only
very small AC— voltages are sufficient to trigger a reliable KPFM contrast .

Contrary to AM-KPFM, the principle of the frequency modulation mode (FM-
KPFM), which is depicted in ﬁgurerelies on the force gradient rather than on force
compensation [59H61]. Indeed, this method profits from the fact that, after application
of additional low frequency AC bias (w = 1 kHz), the resulting oscillating electrostatic
force gradient ends in a modulation of the frequency shift of the first resonance A f; of
the cantilever, leading to appearance of sidebands at f; £ w. Therefore the oscillation
at Af; is tracked by a lock—in and the amplitude of this modulation is finally used
in a Kelvin controller as a feedback value for the compensation of electrostatic forces.
Consequently, this method gives access to a signal that is approximatively proportional
to the force gradient rather than to the force itself. Hence the higher lateral sensitivity
compared to the AM mode, because, contrary to the force, the force gradient is more
confined to the tip apex [58].

Ve = Ve
‘l' Vo ozxy
. Emmm Feedback Loop | —==|KPFM
malafnanss -===“ciiu8 === | Oscillation controf— |- Lock-in amplifier
PR | - z-Controller - Kelvin Controller
T
5 W\

Excitation

(x.y)

ScanControi]it ..,
e, SO Ve + Viacocos(wi)

Figure 1.7: Schematic representation of an FM-KPFM. The amplitude of the
modulated frequency shift Afi, which is induced when an additional Vac is applied, is
used to adjust the value of Vpo to Vepp, and therefore for the compensation of the
electrostatic forces.

However, regardless from the mode in which it is operated, KPFM is sensitive to
the local work function differences of an interface and can therefore also be used for
the determination of dipole moments (p). Indeed, the latter can be determined if the
molecular density, which can be deduced from high resolution imaging as well as the
difference in dipole moment densities (Ap) are known. Ap can be calculated by the

following formula [62}/63]:
Ap=e-AVerp (1.11)
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1.4. Summary

where the average CPD difference AVopp can be easily deduced from the KPFM
images. For instance, for the case of molecular islands formed on a surface, the average
CPD difference (AVepp = Verpr — Vepp,s) is measured as illustrated in Figure
This figure presents a topographic image of large molecular islands formed on the
studied surface (figure [L.8p) and its corresponding KPFM image (figure [1.8p) which
shows clearly that the CPD measured on the island (Vopp ) differs from the one
measured on the bare substrate (Voppg). By drawing two different masks on the
topographic image; the first over the bare substrate (in orange in figure ) and
the second over the molecular islands (in blue in figure [I.8); and distributing these
masks to the corresponding KPFM image (figure [1.8d and figure [L.8f), the average
CPD can be measured on these specific areas. To avoid edge effects that can strongly
influence the CPD, island edges and surface steps are excluded from the masks. To
reduce the margin of error, this operation is then repeated on a set of several images.
Because the absolute CPD is dependent on the work function of the tip, its value can
slightly change from one image to another but the value of the CPD difference remains
constant.

Figure 1.8: Average CPD difference determination. a, Topographic image of
molecular islands formed on a surface and b, it corresponding KPFM image. A first
mask (orange) is superimposed to the bare substrate in ¢, the topographic signal and
distributed to d, the corresponding KPFM image. A second masks (blue) is drawn
over the molecular island in e, the topographic image and f, the KPFM signal. Scan
parameters: Ay =4 nm, Af; = —13 Hz, w = =900 Hz, Vac = —800 mV.

1.4 Summary

In this chapter the principle of SPM techniques that are used all along this thesis
were discussed. It was shown that SPM methods are reliable, non invasive techniques
to gain, among other, topographic informations of a surface down to the nanoscale.
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Chapter 1. Experimental Methods: Principles

Atomic resolution can be reached as well with STM as with nc-AFM. Nevertheless,
the latter presents the big advantage that it can be used on non conductive samples
contrary to STM. A large set of different scanning modes, including multimodal AFM,
multipass AFM as well as the compensation of surface potential, are available and
often lead to the enhancement of the imaging contrast. The principle of KPFM was
also discussed. This method can be applied to organic/inorganic interfaces for the
visualization of their local work function variations or for the determination of dipole
moients.
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Experimental Methods: Realisation

HE following chapter is dedicated to the presentation of the experimental re-
alisation of sample preparation and investigation. Because reaching atomic
resolution is only possible under specific conditions, but more important, be-

cause the aim of this work is to study the adsorption of single molecules on atomically
clean surfaces, all the experiments shown in this thesis are conducted in an ultrahigh
vacuum (UHV) environment. The UHV system which was predominantly used for the
present study is presented in the first part of this chapter. Second, the home build
microscope operating at RT and the measurement control system which were used to
investigate a large majority of the samples are discussed. Finally, the different prepa-
ration procedures for cantilevers and samples as well as the corresponding devices and
materials are described.

2.1 The experimental set—up

2.1.1 The UHV system

All the samples that are described and discussed in the following work are prepared
and investigated under UHV conditions. The UHV system is shown in figure It
consists of two distinct chambers that are separated with valves.

The samples and cantilevers are introduced into UHV via the load—lock chamber
(blue in figure ) which is connected to a rotary pump and a large turbo pump
allowing to reach a base pressure of 1078 mbar. After pumping of the load-lock the
sample can be transferred to the main chamber (orange in figure[2.1h) which is directly
connected to the microscope located in the red chamber visible in figure[2.1. The main
chamber is pumped via an ionic pump and a titan sublimation pump in addition to
the turbo pump that is also connected to the load—lock. This turbo pump can be
isolated from the main chamber by a pneumatic valve while loading samples from air
to the load-lock. The main chamber which has a base pressure of ~ 1071 mbar is also
equipped with different preparation devices (green in figure ) , including a heatable
manipulator, a sputter gun, a quartz micro-balance (QMB), a knudsen cell, a cleaver
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Chapter 2. Experimental Methods: Realisation

and an e-beam evaporator (see figure ), that can be used for the preparation of
the samples. The different utilizations and the functions of these devices are described
more in detail below.

(a) (b) heater

e-beam
evaporator
cleaver

2 load-fock
main chamber

chamber

| main chamber I microscope
I 0ad-lock chamber N preparation devices

microscope [

Figure 2.1: Experimental set—up. a, Side view of the UHV system. The main
chamber (orange) is directly connected to the microscope (red) and to diverse prepara-
tion devices (green). b, Top view of the UHV system. A detailed insight of the different
components is given.

2.1.2 The microscope

The microscope used in this study for the investigation of the vast majority of the
samples is an home-build microscope operating at RT. It is the fourth generation of
this type of microscope developed at the University of Basel .

This microscope, which is shown in figure was mainly designed to operate in the
nc-AFM mode with optical detection but can also be used as a STM. Nevertheless, in
this work the use of the microscope was strictly restricted to its primary function and
the STM images that are shown later were acquired with another device operating at
low temperature (LT) that has been described in previous works [65}/66].

As for the RT nc-AFM microscope, it consists in a cantilever holder (red), a slider
with a tube scanner and a sample holder (green) as well as an optical sensing block.
The latter is composed of a fiber optics (blue), two orientable mirrors (violet) and
a quadrant photo—diode (QPD) detector (orange) connected to an in situ current to
voltage (I-V) converter with a large band width of 3 MHz.

After the light is generated by a superlum diode (SLD), with a wavelength of
678.5 nm, a current of 140.2 mA and a maximum light power of 2 mW, it is trans-
ferred to the microscope via the optical fiber. Thanks to a set of lenses and mirrors,
the beam is first aligned and focused in the fiber optics and then reflected by the first
mirror, that is located just below, to the backside of the cantilever. The position of the
beam on the cantilever is adjusted by fine positioning of the mirror, which is done by
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2.1. The experimental set—up

the means of piezo excitation, in a way that the focused light spot hits the cantilever
with a maximal intensity. The light beam then travels to a second mirror where it
is reflected to the QPD. Like for the first mirror, the position of the second mirror is
adjusted so that the light beam is centred onto the photo—detector. In that way the
deflection of the cantilever can be optimally detected while it oscillates and scans the
surface of the sample. Indeed, the position of the light beam on the four quadrants of
the photo—diode directly relies on the movements of the cantilever. After the light hits
the detector, the motion of the beam is converted to four photo currents depending on
its positioning on the four quadrants. These currents are then transformed in voltage
signals which are treated by the electronics to generate a topographic mapping of the
sample.

Figure 2.2: The microscope. Top view of the UHV RT microscope wich consists of
cantilever holder (red), slider with a tube scanner and sample holder (green), fiber optics
(blue), two orientable mirrors (violet) and a quadrant photo—diode (QPD) detector

(orange).

2.1.3 Measurement control

The measurements are run by the means of a Nanonis RC4.5 electronics and the
corresponding software (SPECS Zurich GmbH).

Figure shows a diagram of the set-—up when bimodal nc-AFM mode is used
for the experiments. Here it can be seen that the cantilever is excited simultaneously
to its first— or second flexural (f; or fy) and torsional (frg) resonances via phase—
locked loops (PLLs). Hence, offering the possibility to measure at the same time a
topographic map and a torsional signal delivering additional information. To do so,
the signal of the vertical deflection (y) detected by the QPD is transferred to a first
PLL (PLL1). The measured frequency shift (Af; or Afy) is fed to the z—controller
where it is used to adjust the distance between the probe and the sample during the
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Chapter 2. Experimental Methods: Realisation

approach and measurements, resulting in a topographic map (z) of the surface. In the
meantime, the lateral signal (z) also coming from the QPD is fed into a second PLL
(PLL2). Contrary to Af; or Afy which are required for the measurement control, the
resulting frequency shift A frg is only used for sensing.
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Figure 2.3: Measurement control. a, In bimodal nc-AFM mode, the unit oscilla-
tion control 1 is used to the measurement of topographic informations whereas the unit
oscillation control 2 is used to acquire the torsional signal which delivers additional
informations. b, in FM-KPFM mode, the Lock—In Amplifier is used to demodulate
the oscillating A fy signal, and the Kelvin controller is used to apply an additional DC
voltage to the sample in order to minimize the modulation of Af;.

—=Topo (z)

Before the start of the measurement, the oscillation amplitudes A; or Ay and Arg,
which are lying in the ranges of 4 — 9 nm, 400 — 800 pm and 40 — 80 pm, respectively,
are calibrated. For the normal flexural modes, this is done by applying the constant
v procedure, where « is the so called “normalized frequency shift” Which directly
depends on the oscillation amplitude A and the tip/sample distance z . Because
the torsional resonance results in the lateral- rather than normal excitation of the
cantilever, the same method cannot be employed for the calibration of its oscillation.
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2.2. Cantilever preparation

Consequently the value of Arp is calibrated so that the step edges appear sharp without
any double tip features.

Figure presents the set—up used for FM—KPFM measurements. In this mode
the cantilever is excited mechanically via a PLL as it is done for standard nc-AFM but
also electrostatically by application of an additional AC voltage (Va¢) to the sample.
This voltage is typically lying in the range of 800 mV to 1 V with a low frequency w of
250 Hz to 1 kHz. Application of V¢ leads to the oscillation of the frequency shift A f;
giving rise to a signal which is transferred into a Lock—In Amplifier where its amplitude
is measured. The DC component of the total sample bias (Vpe + Vaccos(wt)) is then
adjusted by the Kelvin Controller so that the modulation of A f; is minimized.

2.2 Cantilever preparation

All the cantilevers used in this study were purchased from Nanosensor GmbH. They
are standard non-contact Silicon cantilevers (PPP-NCL) with a spring constant k
varying from 20 to 30 N-m~!, a first eigenmode at f; ~ 170 kHz, a second resonance
at fo ~ 950 kHz and a torsional resonance at frr ~ 1.5 MHz. Before they are
introduced into vacuum, the cantilever chips (figure ) are glued with conductive
two component epoxy glue (EPO-TEK H20S, Epoxy Technology Inc.) onto cantilever
holders from ScientaOmicron GmbH and anneald in air about 1 h at 100°C. As shown
in figure 2.4p, the glue is applied following a four—point—gluing technique which was
proven to yield high Q—factors and thus to increase the sensitivity of the cantilever [6§].
Values around 25k, 10k and 100k are measured for the ()—factors of the first, second
and torsional resonance, respectively. After they are introduced to vacuum, cantilevers
are outgassed 1 h at 120°C via the heatable manipulator of the main chamber to get
rid of remaining contaminants. The native silicon oxide layer which is covering the
tip, is removed through subsequent sputtering for 2 min at an energy of 1 keV under
Argon pressure (5.107° mbar) [25].

(a)

cantilever

Figure 2.4: The cantilevers. a, Schematic representation of the cantilever chip
showing that the cantilever is terminated by a sharp tip. b, The cantilever chip is fixed
to a holder via the four—point—gluing technique, represented in green in the picture.
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Chapter 2. Experimental Methods: Realisation

2.3 Surface preparation

2.3.1 Preparation of NiO(001)

Because the present study focuses on the sensitizing of NiO single crystals, the first
task encountered during this thesis was to prepare clean NiO(001) surfaces in a re-
producible way. Because cleavage of those specific crystals is known to be the most
reliable method for the preparation of clean and atomically flat non-reconstructed sto-
ichiometric surfaces (see section in chapter [3]), it was selected as method of choice
for the preparation of our samples.

The NiO(001) single crystals used in this study, which are in the form of rectangular
rods with the dimension of 2 x 2 x 7 mm?® and the long axis in the [001] direction,
were purchased from SurfaceNet GmbH. These crystals were mounted on a home build
sample holder, which consist of two blocks of metals fixed onto a standard Omicron
sample plate. The crystal rod is introduced into the dedicated slot of the first block
and is then squeezed against the bottom of this slot thanks to the second block which
can be tightly screwed into the first one (figure 2.5h). In that way, the crystal is
strongly fixed, which is one of the first requirements for an efficient cleavage.

(a) (b)

razor blade NiO crystal

cleaver

before cleavage after cleavage

Figure 2.5: Cleaver set—up. a, NiO rod mounted in a home build sample holder.
b, Top view of the NiO crystal position into the cleaver set—up. The sample is cleaved
over the edge. c¢—d, Schematic side views showing the razor blade and the crystal before
and after cleavage, respectively. The corresponding pictures of the NiO(001) surfaces
are shown.

Because of the high reactivity of NiO, cleavage under ambient conditions is not
possible, if atomically clean surfaces are desired. Therefore, once the crystal is mounted
in its holder, it is introduced into UHV, were it can be cleaved in situ. However,
prior to cleavage, the crystal is outgassed via an extended annealing step where the
temperature is slowly increased from RT to 600°C. During this process, the pressure
in the main chamber can be drastically increased (up to 10~" mbar). Therefore high
temperature is kept constant till the pressure drops to an acceptable level (in the rage
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2.4. Surface functionalization

of 107 mbar). Usually, the full process is setted to last roughly 5h. After the sample
cooled down, it is inserted in the home-build cleaver, with the sample plate looking
up whereas the crystal is pointing down, and is leaned against an anvil so that it is
held firm during cleavage (figure 2.5p).

Figure shows also that the sample is introduced in the cleaver with a certain
angle with respect to the razor blade. In that way cleavage occurs over the edge of the
sample, implying that the contact area of the blade and the crystal is reduced to one
single spot leading to highly localized stress field which is known to facilitate cleaving,
in particular for hard samples such as NiO [69}70].

Cleavage is then initiated by fast motion of the spring-loaded blade which is me-
chanically crashed into the crystal edge. Figure[2.5k shows that the blade of the cleaver
is designed with two distinct angles: the cutting angle (¢..:) and the clearance angle
(@etear) Where Qe > @eear- These two angles are chosen so that the blade does not
scratch the surface of the crystal and that the removed crystal piece falls down in a
basket which is attached to the body of the cleaver.

Figures 2.5k and present the surface of NiO crystal before and after cleavage,
respectively. Before cleavage the surface appears to be pretty rough. After cleavage
the edge where it occurred can be clearly recognized on the picture and is pointed
with a red arrow. At this corner of the sample, the blade was literally crashed into
the crystal leading to a strongly damaged area. Nevertheless, the rest of the surface
is rather smooth and macroscopic step edges, indicating the presence of several flat
crystal planes, can be seen.

Subsequently, to favour the discharge of the surface right after cleavage, the sample
is annealed 1h at 500°.

2.3.2 Preparation of Au(111)

Even if the large majority of the experiments shown in this study are conducted on
NiO(001) surfaces, some, which are discussed in chapter @ are carried out on the
surface of Au(111). The latter single crystal were purchased from Mateck GmbH and
are cleaned by several sputtering and annealing cycles in UHV conditions.

2.4 Surface functionalization

In this work the funtionalization of the NiO(001) surface with several organic molecules
is presented. These molecules which are either dye precursors or dye molecules will be
discussed in more details in their dedicated chapters. They are variable in size as well
as in stability and can therefore not all be deposited onto the surface of NiO(001) by
the means of the same methods. Figure [2.6] shows the different molecules in function
of which deposition technique was employed for the preparation of their corresponding
interfaces with NiO.

The molecules which are depicted in the red area were evaporated on the surface
of NiO(001). The molecule that is presented in the green area, was obtained via on—
surface metal-complexation of a sublimable molecule with iron atoms (Fe), which can
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be evaporated from an e-beam evaporator. Because of their fragility, the molecules that
are shown in the blue area could not be sublimated neither assembled on surface, but
had to be sprayed directly from a solution to the surface. To finish, the Cgy molecule
that is shown in the violet area was both, sublimated similar to the molecules of the red
area and also sprayed like the molecules of the blue zone. Among all this techniques,
sublimation appears to be the cleanest method but presents the drawback that it can
be applied to a limited class of molecules. On the other hand, spray delivers less clean
surfaces, but presents the advantage that it can be used for the deposition of all kind
of molecules.

HOOC = Cu-TCP . COOH M-DCPDM(bpy)

DCPDM(bpy)
| «_COOH

OOH

Hood COOH
CNN Ru(bpy),(H1) _ [Ru(bpy),(H2)][PFe]
P1 N
1= R
Hooc—{ Y- \ b [Pl
S
CN o0 -0
N Hd O [ OH |

Figure 2.6: Dye precursor and dye molecules. The molecules depicted in the red,
blue and green areas were evaporated, synthesized on surface after metal evaporation or
sprayed on the surface NiO(001), respectively. Cgy, which is represented in the violet
area was evaporated as well as sprayed.

2.4.1 Molecule evaporation

All the molecules discussed in this section are evaporated from a water cooled Knudsen
cell. After small quantity of molecule’s powder is filled into the metallic crucible of
the cell, the evaporator is usually pumped over night before being introduced into the
main chamber of the UHV system. The molecules are then outgassed by increasing
slowly the temperature applied to the crucible while monitoring the deposition rate
with a quartz micro balance (QMB). For a reliable deposition of the molecules, the
rate is fixed to 0.5A /min.

Cu—TCPP is a copper carboxyphenyl porphyrin dye with four anchoring groups
(see chapter [5)). The molecules were purchased from Rare Chemicals GmbH. They are
evaporated at a temperature of 315°C for 5 min.

C343 is better known as Coumarin 343 (see chapter [5). These dye molecules were
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2.4. Surface functionalization

purchased from Sigma—Aldrich GmbH. They are sublimated at a temperature of 150°C
for 5 min.

DCPDM(bpy) is a dye precursor. It is the anchoring part of a larger dye molecule
that has to be synthesized on surface (see chapter @ This anchoring ligand that can
supposedly bind to the surface through its carboxyphenyl acid groups was synthesised
in the group of Prof. C.E. Housecroft and Prof. E.C. Constable from the University of
Basel |71]. These molecules can be evaporated at a temperature of 255°C. Depending
of the desired coverage, the deposition time is fixed to 10 s or 2 min.

Ceo, which are also known as fullerene or Buckminsterfullerene (see chapter @, are
purchased from Sigma—Aldrich GmbH. They are sublimated at a temperature of 400°C
for 5 min.

2.4.2 E-—beam evaporation

Some molecules can not be evaporated. If this is the case, one solution is to synthesize
them directly on surface. For instance, this technique is often used for the formation
of metallo—complexes.

M-DCPDM (bpy) is one of those molecules which can be directly assembled on
surface. It is composed of the molecule DCPDM (bpy) which is described above and
an additional metal atom which is linked to the bipyridine unit of the anchoring ligand
(see chapter @ On the surface of NiQO, this dye precursor is formed when Fe atoms
are evaporated prior to DCPDM(bpy) evaporation. This is done using an e-beam
evaporator, where high purity iron rod is heated up by electron bombardment to the
point when atoms start to sublimate. The iron rod was purchased from Goodfellow
GmbH. After it is mounted in the dedicated slot of the e-beam evaporator, the latter
is pumped over night before it is introduced in the main chamber. The evaporator is
outgassed at a temperature close to sublimation for several hours while monitoring the
pressure of the main chamber till it decreases to reach a level that is close to the base
pressure of the chamber. The sublimation is then done for 40 s and controlled by the
means of a flux monitor at a rate of about 0.1 monolayers(ML)/min.

2.4.3 Electrospray deposition

Because of their large sizes, and fragility, a large class of dye molecules can neither be
evaporated, nor be synthesized on surfaces. To overcome this limitation, electrospray
deposition (ESD) can be used. This technique, based on the electrospray ionization
principle [72[73] and commonly used in biology, allows the functionalization of surfaces
with large and complex dye molecules under UHV conditions with sufficient cleanliness
to be compatible with nc-AFM measurements [74}/75]. The ESD set—up is shown in
figure[2.7 It is plugged to the UHV system, either directly onto a preparation chamber
or, as shown on figure to the load-lock to avoid contamination. A solution of
molecules is first loaded in an automatically driven syringe connected to the emitter.
By applying a bias voltage of roughly 2 kV to the latter, the solution is introduced
to successive vacuum chambers via a capillary. These chambers are used as pumping
stages to get rid of the solvent molecules before the molecular beam reaches the sample
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which is kept under vacuum conditions. In order to get a homogeneous spray, the bias
voltage is slightly adjusted during the deposition process and the pressure in the load—
lock is around 10~7 mbar. The samples are then subsequently annealed up to 420 K,
with the prospect of getting rid of traces of solvents.

emitter

~2kV

Figure 2.7: Electrospray set—up. A schematic drawing of the EDS set—up showing
the different pumping stages is superimposed to a photograph of the devices mounted
on the load-lock of the UHV system.

P1 is an organic dye possessing a carboxylic acid anchoring group (see chapterm). A
powder of these molecule was purchased from Dyenamo AB and dissolved in a solution
of toluene and methanol with ratio (2:1) with a concentration of 0.2 - 107* M. This
solution is then sprayed for 1 h.

Ru(bpy),(H1) is a zwitterionic dye containing a phosphonic acid anchoring group
(see chapter E[) It was synthesized in the group of Prof. C.E. Housecroft and Prof.
E.C. Constable at the the University of Basel . These molecules are dissolved in a
solution of pure alcohol with a concentration of 0.5-10~* M and sprayed for 30 min.

[Ru(bpy)2(H2)][PFg] is a ruthenium based dye molecules with a carboxylic acid
anchoring group (see chapter [7)). Similar to [Ru(bpy)2(H1), this sensitizer was syn-
thesized following the procedure exposed in reference . A solution of pure alcohol
with molecular concentration of 0.3 - 10~* M was prepared and sprayed for 10 min.

Cgo are dissolved in a solution of toluene and methanol with ratio (4:1) and a
concentration of 0.5 - 10~* M. This Cgg solution is then spray for 10 min.

2.5 Summary
In this chapter it was emphasized that all the experiments conducted during this thesis
were done under UHV conditions which is the first requirement if atomic resolution on

the investigated sample is desired. The UHV system was described and it was shown
that it is not only equipped with a microscope operating in nc-AFM mode and at RT,
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but also with diverse tools that allow the preparation of reliable tips and clean samples.
The microscope used in this study was developed and constructed at the University
of Basel. Its working principle relies on the optical detection of a light beam that is
reflected from the backside of the cantilever onto a photo detector. In that way the
movements of the cantilever are converted to topographic images when scanned over
the surface of the sample. These samples are previously prepared via divers proce-
dures such as cleavage, annealing or sputtering. They are also sensitized with mole-
cules through different deposition techniques like evaporation, metal-complexation or
electrospray deposition.
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Introduction to Surfaces of Metal Oxides

MONG the class of metal oxides, NiO is only one example out of many. From the
best insulators to superconductors; from inert to chemically active, this cate-
gory of materials assumes interesting electronic and chemical but also magnetic

as well as optical properties. Therefore, many well established but also emerging tech-
nologies, are based on this class of materials. Considering that the surfaces of metal
oxides, or their interfaces with further materials, are usually the mainstay for the
proper operation of the related devices, they lately became a key topic in the field of
surface science. This chapter gives, therefore, a brief insight in the application fields,
preparation, imaging as well as functionalization of metal oxide surfaces. The example
of NiO is discussed and compared to other metal oxides such as TiOy or MgO, which
present the same application field and structure like NiO, respectively.

3.1 Application fields of metal oxides

The growing interest of the scientific community and optoelectronic industry for the
class of metal oxides finds its origin with the development of transparent conductive
oxides (TCO). As its name suggests, this category of materials combines both prop-
erties, transparency and conductivity. Consequently, TCO became the cornerstone of
many technological applications such as antistatic and optical coatings, flat as well
as touch display panels, heaters, defroster, camera lenses and also solar cells [77-81].
Among TCOs, inorganic thin films based on indium tin oxide (ITO), fluorine doped
tin oxide (FTO) or ZnO, are the most commonly used for photovoltaic applications.
Indeed, because of their wide band gap n-type semiconductor character, and their re-
lated high charge injection efficiency, these materials are particularly suited for the
design of solar cells [82-85].

On the other hand, some metal oxides, such as FeyOz, TiOg, SnOy etc., are also
known because they are promoters for heterogeneous catalysis and are, in consequence,
also widely investigated and used in various chemical processes [86-88|. As part of
those, the Fisher-Tropsch process for the production of synthetic fuels [89-91], as well
as environmental applications, such as reduction of nitrogen oxide gases [92] or catalytic
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oxidation of volatile organic compounds [93], which are contributing to deterioration of
air quality [94.95]. In these processes, the heterogeneous catalysts are in a separated
phase with respect to the reactants and have the capability to absorb gas or liquid
molecules onto their surfaces. It has been shown, for example that, when deposited
on a specific class of reducible metal oxide promoters, palladium, platinum and gold
nanoparticules can decompose carbon monoxide [96]. In other words, metal oxides are
not catalysts by themselves but can, however, promote the efficiency of the process.
In essence, they act as a support which sustains the integrity of the nanoparticles and
maintains them well separated [97]. It has also been demonstrated that few metal
oxides are inert enough to protect metal surfaces or alloys from corrosion [9§].

Consequently, considering this brought application field in addition to the fact that
the surface of the metal oxides are often the key parameter for the design of optimized
devices, it is easy to understand why this class of materials attracts such a great
interest within the domain of surface science.

3.2 Preparing a clean metal oxide surface

Because they can present various stochiometries and structural phases, metal oxide
surfaces are, by nature, intricate materials. In their book, The Surface Science of
Metal Ozides [99], Henrich and Cox commented: “The question of oxide preparation
is central to all surface—science investigations, and herein lies what is possibly the
greatest difficulty of all”, underlining the arduous character of the present task.

3.2.1 State of the art

Several methods, such as cleavage, oxidation or thin film growth, have been developed
and successfully applied during the past decades for the preparation of the surfaces of
metal oxides [99-102].

Among these strategies, UHV in situ cleavage was proven to be the most straightfor-
ward technique to prepare clean surfaces starting from single crystals. However, this
method, which consists of cutting a crystallographic plane mechanically, can be applied
only to certain materials, such as MgO, ZnO or NiO, with satisfactory outcomes [101].
When preparing oxides which are harder to cut, such as TiO,, an alternative strategy
is to first cleave and polish them ez situ, and then to expose them to several cycles
of an in situ sputtering/annealing treatment under oxygen atmosphere, comparably
to what is usually done for the preparation of metal surfaces. The advantage of the
latter method compared to UHV in situ cleavage, is the creation of defects in the near
surface region and in the bulk which supports conductivity, thus allowing the use of
STM [99].

Metal oxide surfaces can also be prepared via ultrathin film growth on metallic
samples. This strategy is of great interest especially when studying the structure
of oxides which are known to be good insulators, such as MgO, SiO, or Al,O3. In
that way, most of the experimental techniques, that require conductive samples, can
also be applied to these specific materials. In addition, and contrary to cleavage,
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thin film growth not only allows the preparation of non—polar surfaces, but also of
polar samples [103]. However, compared to cleavage, the reliability of these methods
is limited, essentially because the obtained surfaces can present several phases with
different stochiometries. Thus, in order to control the quality of the oxide film, three
different strategies have been developped. The first one, which is also the simplest,
consists into exposing a single crystal of metal to an oxygen flux. This technique can,
for instance, be applyied in order to obtain oxidized Cu surfaces [104-109]. However,
oxidizing metals often results in strained samples due to the geometry of the metallic
substrate. Indeed, the quality of oxide film mainly relies on the epitaxial matching of
the latter to the lattice parameter of the metal. Therefore, to overcome this issue, a
second method offers the possibility to grow oxide films on inert metal surfaces, via
metal deposition and oxidation. In that way the substrate can be selected with the
purpose of reducing the lattice mismatch between the metal and the oxide, resulting
in better quality films where atomic resolution can be reached [110,/111]. The last
strategy is the oxidation of alloy surfaces. The main advantage of this technique
compared to the previous one, is that the inherent properties of the alloy can be
beneficial for the preparation process of well ordered oxide layers. For instance, it
has been demonstrated that the quality of Al,O3 films can be drastically improved
through annealing treatments at 1300 K [112]. However, if the oxide layer is grown
on an Al sample, such a high temperature handling would cause the melting of the
substrate before achievement of a long-range ordered film. Therefore, Al,O3 thin films
are usually grown on the alloy NiAl(110) [113]/114].

3.2.2 The case of NiO

In the case of NiO, which is a binary ionic crystal with a rock salt structure, two
distinct surfaces with different crystallographic orientation and different properties
are accessible: NiO(001) and NiO(111). Figure gives a summary of all possible
methods to prepare both surfaces, namely: cleavage of a single crystal, oxidation of a
Ni sample and epitaxial growth of thin films on inert metallic samples.

The non—polar surface, NiO(001), which is exposed on the sides of the crystal, pos-
sesses a finite surface potential [115] and can therefore be prepared by cleavage of a
NiO single crystal. This method results into clean NiO(001) surfaces where atomic
resolution can be reached by means of different SPM techniques |116-{124]. On con-
trary, oxidation of Ni(001) appears to deliver less uniform surfaces over large scales.
Indeed, because of the large lattice mismatch (18%) between Ni and NiO [125], the
oxide films appear to grow with a certain tilt with respect to the terraces of the metal
sample [126], leading to the formation of small crystallites (size: 5 — 10 nm) [101].
However, the lattice misfit can be reduced by selecting an inert metal substrate with
more appropriate geometry, where Ni can be evaporated under oxygen flux. For in-
stance, when thin films are grown on Ag(001) samples, the epitaxial relation to the
oxide film is improved and the lattice mismatch can be reduced to 3% [125], leading
to a drastic improvement of the film quality [127].

In comparison to non—polar surfaces such as NiO(001), the polar surfaces are more
difficult to prepare. Indeed, as the surface energy of the Ni-terminated (111) surface
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diverges , it can consequently not be cleaved. Furthermore, since polar surfaces
exhibit the tendency to facet rapidly while preparation processes , additional sta-
bilization mechanisms are necessary when oxide films are grown on metallic substrates.
Oxides films with high degree of surface order and hexagonal structure, correspond-
ing to the p(1x1)NiO surface can be obtained when grown on Au(111) [129,[130]. A
reconstruction to a p(2x2) structure can be induced through heat treatment. Similar
surface morphology and reconstruction processes are observed for thin films grown on

Ni(111). However, stable p(1x1) surfaces appear to be hydroxyl covered [131H133].

Ni(001) | Qggrw
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Figure 3.1: Preparation methods of NiO samples. NiO(001) and NiO(111)
surfaces can be prepared through several processes: cleavage, oxidation of nickel surfaces
or thin films growth on other metallic samples.

In conclusion, cleavage has been demonstrated to be the most reliable technique for
the preparation of clean NiO surfaces. Therefore, in the following, the focus is put
exclusively on single crystal samples and on the NiO(001) surfaces prepared through
UHYV in situ cleavage in particular.

3.3 Characterization of metal oxide surfaces by SPM

Since more than twenty years, SPM techniques, such as STM or nc—AFM have been
intensively used to study the surfaces of numerous metal-oxides. Several samples have
been imaged at large scale, but also resolved with atomic accuracy, providing a well
documented catalogue of the physical and structural properties of the latter surfaces.

3.3.1 The surface of Ti0,(110)

To date, among the large class of metal oxides, some have been more exhaustively
studied than others, leading to the publication of several detailed reviews. This is,
for example, the case of the semiconductors ZnO , SnO, and of course
TiOy [136]. Because of its versatility and multiple potential applications (e.g. hybrid
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photovoltaics ), TiO, attracts particular interest. It cristallizes in three different
structures where only two, the tetragonal rutile and anatase structures, are relevant
for applications. Therefore, the (110) surface of TiO, (figure [3.2h) became, by far, the
most studied metal oxide sample in the field of SPM [102}[136]. Starting from the mid
of the 90’s, the atomic structure of this surface was resolved by STM and
nc—AFM resulting in rows that could, actually, be attributed to Ti or O atoms
in function of the polarity of the AFM tip only about ten years later [141], thanks to
the careful study of defects and vacancies. Using a similar approach, Bechstein et al.
highlighted, for the first time in 2009, an “all inclusive” contrast where both, Ti and
O atoms, could be imaged simultaneously (see figure [3.2p) [142]. Besides O vacancies
and H adatoms, which are the most common defects on the surface of TiO5(110), line
defects were also observed. These defects, that are represented in figure ,
were found to usually follow a step flow growth and were related as well to bulk
impurities segregation as to sample reduction [145,[146]. These defects can also

act as precursors for a (1x2) surface reconstruction [136].

Figure 3.2: The surface of TiOy(110). a, Surface structure of TiOy(110) showing
the dominant defects: O vacancies (red square), double and single OH (red ellipse and
circle, respectively) — reproduced from . b, nc-AFM detuning image showing the
surface of TiOy(110), its surface atoms as well as its defects in classic (upper part)
mode and ’all inclusive’ mode (lower part)— adapted from . c, STM image showing
the structure of line defects growing from the upper terrace — adapted from .

3.3.2 The surface of MgO(001)

Because of its more simple structure and stable stoichiometry in comparison to TiO, or
other metal oxides, the single crystal MgO, has also often been studied. This material
presents a rock salt structure and is widely used as a basis for epitaxial growth of metals
or for model catalysis [147-149]. When investigated by nc-AFM, it has been shown
that the quality of imaging strongly depends on the quality of the cleavage [150}[151].
The long range surface of MgO(100) exhibits large terraces separated by steps which
are dominantly oriented along the <001> crystallographic directions [148}[152]. This
is shown in figure and were it can be seen that long range steps consist of
a succession of smaller step edges following the <001> directions . Rectangular
monoatomic indentations, which are running in the same directions as these step edges
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(see figure and [3.3c), as well as bright features corresponding to adatoms (see
figure and ) are frequently observed [150,[153]. The profile displayed in
figure attests that all these defects present a monoatomic height. Darker line
defects, which are not shown here, corresponding to missing rows of Mg or O atoms
can also be identified . In addition, figure shows that the atomic structure of
MgO was resolved [153-155]. However, similar to other ionic crystals, only one type
of atoms (either Mg or O) is imaged by the AFM tip [153].

Figure 3.3: The surface of MgO(001). a, nc-AFM image of MgO showing the
different types of defects: b, step edges; ¢, rectangular indentations as well as d,
adatoms. e, profile recorded along the dark dotted line in a. f, Atomic resolution

obtained on the surface of MgO — adapted from and [155].

3.3.3 The surface of NiO(001)

Presenting the same rock-salt structure than MgO, with a lattice parameter of
a = 417 pm, the (001) surface of a single NiO crystal can also be imaged by SPM.
Comparably to TiO,, NiO is known to be a semiconductor under some conditions.
However, while the first is known to be n—type semiconductor, NiO is, on contrary, the
first reported wide band gap p—type semiconductor . Because of its larger band
gap, in comparison to TiOs, lying in a range between 3.5 eV and 4.3 eV according
to previous studies [156/H160], NiO is an insulator at RT, implying that STM can be
used on this sample only when scanned at higher temperatures (~ 470 K) [116]. In
addition, during the past twenty years, NiO has been the subject of few studies due to
its magnetic properties which arise from the presence of unpaired electrons in the 3d
shell of the Ni atoms, resulting in the fact that NiO is an antiferromagnet at RT. This
is illustrated in figure [3.4h, where it can be seen that the spins are localized on the
Ni atoms and are pointing in the <121> directions. Considering the (001) plane, this
leads to diagonals with parallel spin alignments in alternating directions. Contrary
to other metal oxides, large scale topographic images are only rarely exposed in the
literature, suggesting that clean sample over long ranges are particularly difficult to
prepare. Figure shows, to our knowledge, the one and only large scale image
of a NiO(001) surface available in the literature [123], except of what was achieved
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in the frame of the present PhD thesis ,. The surface displayed here exhibits
large terraces separated by step edges. Few screw dislocations can also be identified
as shown by the white arrow. In addition, atomic resolution has been reached on the
surface of NiO (see inset of figure ) and comparably to MgO, only one type of
atom could be imaged by the AFM tip [117H124]. However, contrary to the latter,
where the nature of the imaged atom could not be determined so far, using several
techniques, including defect investigation, tip functionalization or magnetic exchange
force microscopy, bright protrusions were in general attributed to O atoms.

001
(a) o [010] a=42A

Figure 3.4: The surface of NiO(001). a, Surface structure of NiO(001) showing
the spin alignment in opposite direction in neighbouring diagonal rows. b, Large scale
nc—AFM image and atomic resolution acquired on a NiO(001) surface using a NiO tip

— adapted from .

3.4 Surfaces functionalization of metal oxides

It has been mentioned in section that numerous potential applications are based
on metal oxides. Their surfaces, but even more often, their interfaces with other
materials are the keystone of a proper functioning of the related devices. Therefore,
functionalization of those surfaces with organic molecules or metal atoms, for instance,
triggers great interest, also in the field of SPM.

3.4.1 Molecules and nanoparticles adsorbed on TiO,(110)

Because the ability of TiOy to absorb light can be advanced when sensitized with
specific organic molecules, these interfaces can be used for the developement of hy-
brid photovoltaics [137]. Therefore, the functionalization of its (110) surface is one
of the best studied among the class of metal oxides. Several organic molecules, have
been deposited on its surface and their adsorptions have been studied |[162-166]. In
particular, the adsorption of several porphyrin molecules shows the structures
of three among others) has been intensively investigated by STM/AFM and it has
been demonstrated that the presence or absence of anchoring groups in the structure
of the molecule is playing a role for their stabilization on the surface. This results
in the fact that some adsorb as single molecules whereas other can be observed only
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when the coverage is increased leading to the formation of molecular islands (see fig-
ure and , respectively) . Also, it has been observed that, independently
of their metallic core, possible post deposition annealing treatement is influencing the

anchoring geometry of porphyrins (see figure and 3.5k) [22,[24}225[167].

tr-ZnDCPP
(2 anchoring groups)

ZnTPP
(0 anchoring group)

ZnMCPP
(1 anchaoring group)

0 Y
ZnMCPP =

ZnTPP o
Figure 3.5: Porphyrin molecules adsorbed on TiO,(110). a, Structure of dif-
ferent Zinc—porphyrins with: 1 (ZnMCPP), 0 (ZnTPP) or 2 (tr-ZnDCPP) anchoring
groups. b, large scale STM image, showing that ZnMCPP adsorb as single molecul-
ules. ¢, large scale STM image, presenting the formation of ZnTPP islands. d and
e are STM images highlighting the effect of annealing on the anchoring geometry of

tr-ZnDCPP — adapted from and .

On another hand, since it also represents a good promoter model for heterogeneous
catalysis, the functionalized surface of TiO9(110) with metallic nanoparticles has also
been investigated by SPM [168-172]. There, it has been demonstrated that the surface
termination as well as its oxidation or reduction states, strongly affects the size and
distribution of metal clusters.

3.4.2 Metal atoms deposited on MgO(001)

Compared to TiO2(110), the functionalization of MgO(001) single crystal surfaces
has been more rarely investigated by SPM. However, similarly to the previous sur-
face, a few studies are focusing on the adsorbtion of Pd atoms on the surface of
MgO(001) [154,[173H175]. Being a model for supported metal catalysts, this interface
is actually one of the most explored metal/oxide systems. Comparably to most of
this type of systems, where the surface energy of the metal is higher than the one of
the oxide [147], Pd exhibts a higher surface energy than MgO leading to a 3D growth
type of the deposited metal, resulting in the formation of nanoclusters. The latters
are shown in the topographic image displayed in figure [3.6h. They are formed of an
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average of 7000 Pd atoms and appear to anchor on step edges as well as on points
defects on terraces [149 173]. Also when imaged by KPFM, a clear contrast which
corresponds perfectly to the topographic image can be observed (see figure and

profiles and [3.61).
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Figure 3.6: Palladium clusters formed on MgO(001). a, Topographic image
showing the Pd clusters on the surface of MgO(001). b, Simultaneously recorded KPFM
image. ¢ and d are the corresponding profiles — reproduced from .

3.4.3 Functionalization of NiO(001)

Even though functionalized NiO(001) surfaces are known for their possible exploita-
tion for the development of prototypical tandem DSSCs, this type of surfaces have
extremely rarely been imaged by any SPM technique. Apart from the publications
resulting from the present work [52,/53,[161], only one example dealing with the func-
tionalization of single NiO crystals is reported in the literature . In addition, this
study, that has been conducted by Schwarz et al. in 2013, is related to the magnetic
properties of NiO rather than to the fact that its ability to adsorb light can be en-
hanced when sensitized with some dye molecules, similar to TiOs. Indeed, it focuses
on the adsorption of the paramagnetic Co—Salen molecules on the surface of NiO(001).
When deposited at low temperature (about 27 K), the Co-salen exhibit the tendency
to adsorb as single molecules on the surface of NiO(001). Since the surface was resolved
with atomic accuracy, the exact adsorption geometry of the molecules, with their Co
atom on top of an O atom, could be determined (see figures [3.7h). In figure
the orientation of the molecules with respect to the crystallographic direction of the
substrate are observed. It can be seen here, that the molecules are rotated clockwise
or counter—clockwise by 4° away from the <110> directions. In addition, it has also
been observed in this study that Co—salen molecules are occasionally displaced during
the scanning process. The displacement happens stepwise from one adsorption site to
another along the <110> directions, which corresponds to the lowest energy pathway
for diffusion. Besides this, the growth mode of thin Co—salen films has been investi-
gated. Increasing drastically the coverage and depositing the molecules on a surface
kept at RT, results in a layer-by-layer step—flow growth implying relatively strong
interactions between the substrate and the molecules.
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Figure 3.7: Co—Salen molecules adsorbed on NiO(001). a, nc-AFM image
showing the adsorbtion geometry of the single molecule. b, nc-AFM image present-
ing the prefered orientation of the molecules which are rotated clockwise or counter—

clockwise by 4° with respect to the <110> directions a, large scale nc-AFM image of
the layer—by-layer step—flow growth of Co—salen on NiO(001). — adapted from .

3.5 Summary

In this chapter a brief overview of previous works focusing on the preparation, char-
acterization and functionalization of metal oxides was given. In a first part, a short
insight into the brought application field of this class of materials was exposed. Then,
a second part was dedicated to the presentation of the different methods available
for the preparation of clean metal oxide surfaces that are fulfilling the requirements
to perform SPM measurements under UHV conditions. Among these techniques, one
can cite: in situ cleavage, ex situ cleavage and polishing followed by several in situ
sputtering/annealing cycles, metal oxidation as well as growth of oxide films on inert
metals or alloys. However, it was discussed that in situ cleavage is the most reliable
strategy for the preparation of clean surfaces starting from a single crystal NiO(001)
sample. A third part was then focused on the characterization by STM of metal oxide
surfaces, such as TiOy or MgO that present comparable properties or structure than
NiO. There, what has already been achieved in terms of resolution on NiO(001) was
briefly addressed. A last part highlighted the fact that an unequal amount of stud-
ies dedicated to the functionalization of several metal oxide surfaces are reported in
the literature. A large set of organic molecules has already been investigated on the
surface of TiO5(110) and the deposition of metal atoms on the same surface as well
as on MgO(001) has also been studied. As for NiO(001), putting aside the work that
is presented in this thesis, only one example of molecules adsorbed on its surface is
available in the literature. In conclusion, it was shown, that compared to other metal
oxides, only a limited number of SPM studies are dedicated to the investigation of the
surface of NiO in general, and to its functionalization in particular.
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N 1993, Satterley et al. reported NiO to be the first wide band gap p-type metal
oxide [13], explaining why this metal oxide is the most studied material for the
application in p—type DSSCs [14-16]. Also in the domain of surface science, NiO

has been widely examined by numerous exploration techniques [103,116-124}(129}|132}
133//177-192]. However, because of its band gap which is lying in the range of 3.5 eV
to 4.3 eV, according to previous studies |[156-160], single NiO(001) crystals are non
conductive at RT. For this reason, AFM is the one and only SPM technique which
can be used to image this specific sample. Therefore, this chapter focuses on the
investigation of the NiO(001) surface by nc—AFM at RT. Two types of surfaces with
different morphologies are observed and resolved down to the atomic scale. The defects
present on the surface are also studied and it is shown that their proportion and size
can be tuned upon annealing.

4.1 Large scale imaging of the NiO surface

Figure and display a schematic representation of the rock salt structure of
NiO(001). It can be seen in these images that the lattice constant of NiO is a = 417 pm
and the step height is consequently a/2 = 208.5 pm. Figure and show topo-
graphic large scale images of two different NiO(001) surfaces both prepared following
the process described in section [2.3.0] of chapter 2] Interestingly, both surfaces show
completely different step morphology, for this reason, in the following, they are referred
as type 1 and type 2 surfaces, respectively. The steps of the type 1 surface (figure )
are round shaped and do not follow any particular crystallographic orientation whereas
the steps of the type 2 surface (figure[4.1d) are well ordered along the <110> directions
of the surface. Interestingly, both step morphologies are rather unexpected. Because
NiO presents the same crystallographic structure than MgQO, similar step alignement
along the <100> directions of the surface was anticipated [148,/152|193]. Since the lat-
ter type of steps are exposing an alternating alignment of ions with opposite charges,
they are neutral and thus, also energetically favourable. However, this is not the case
of the edges observed in the present work. Indeed in the case of NiO, step edges, and

39



Chapter 4. Surface Characterization of NiO

more particularly those which are running along the <110> directions of the surface,
are polar. In other words, they are presumed to be energetically unstable, implying
that some stabilization mechanisms are taking place at these sites. However, unlike
other studies were stable polar step edges have been observed after funtionalization
with molecules , the stabilization process is, here, intrinsic to the metal oxide
material. Therefore, it is thought that segregation of bulk impurities can lead to the
observed polar step edges. This point is addressed in more details in section [{.3]

Figure 4.1: Large scale imaging of NiO(001). a-b, Crystallographic model
of the NiO(001) surface. The lattice constant a = 417 pm and the step height is
a/2 = 208.5 pm. c—d, Large scale topographic images of NiO(001) prepared following
the process described in section [2.5.1. Two types of surfaces corresponding to crys-
tals originating from two different batchs are observed. Step height is measured to
be ~ 210 pm for both types of sample. Depending on the surface type, defects with
different shapes are observed. Scan parameters: a: Ay =5 nm, Af; = —4 Hz. b:
Ay =5nm, Afy = -9 Hz

Type 1 surfaces are more rarely observed than type 2 (30% and 70%, respectively).
In addition, more than 50 NiO crystals coming from three different batches were used
for this work and surprisingly, all the crystals originating for the first batch were
presenting type 1 surfaces, while the crystals from batches 2 and 3 appear to deliver
type 2 surfaces. Type 1 is defect free except for a screw dislocation, which is pointed
by the green arrow in figure [f.I¢. This kind of defect has already been observed on
NiO by Schmid et al. in a previous work . On contrary, type 2 surfaces present
quite a few line defects that are oriented in the same direction than the step edges
(blue arrows in figure [1.1{1). This point is discussed in section [1.3] Nevertheless, both
types of surfaces present large terraces separated by steps which are roughly 210 pm
in height corresponding to mono—-atomic steps (red arrows).

4.2 Atomic resolution on the surface of NiO(001)

Figure [4.2] shows that atomic resolution can also be reached on both type of surfaces
with several techniques. Figure is a topographic image recorded on a type 1 sur-
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face. This image was obtained using the first oscillation mode (f;) of the cantilever
and presents the atomic rows of a type 1 surface oriented along the [110] crystallo-
graphic direction of the sample. Figure [4.2b, which shows the single atoms of a type 2
surface, was obtained by applying the multipass technique. The frequency shift image
displayed here was recorded during the second line scan applying an z,f ¢se: of —600 pm.
The contrast can further be improved when the frequency shift image of the torsional
oscillation mode (frg) is acquired while the tip/sample distance is regulated using a
constant frequency shift (A f;). Indeed the image shown in ﬁgure reveals a regular
cubic pattern formed by bright protrusions which can unambiguously be attributed to
single atoms of a type 1 surface.

;)@4’
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(av/2)/2 = 300pm

Figure 4.2: Atomic resolution on NiO(001). Atomic resolution can be reached
employing several techniques. a, Topographic image showing the atomic rows of the
NiO(001) type 1 surface. Single atoms of the type 2 surface can be seen in b, a
frequency shift image recorded in the second scanning pass with an offset of —600 pm
while the tip/sample distance is requlated in a first pass applying a constant Afi. c,
the same kind of contrast, revealing the single atoms, is obtained on a type 1 surface
using the torsional mode. d—f, Corresponding profiles recorded along the lines drawn
in the previous images, showing that only one type of atom is visible. g—i, Fast Fourier
transforms (FFTs) acquired in a—c showing cubic packing of the crystal. The measured
distances between two nearest neighbour atoms of the same type is fitting to the expected
value : av/2/2 = 295 pm. Scan parameters: a: A, = 4.3 nm, Af; = —310 Hz. b:
Ay =4 nm, Afi = —42 Hz z,pp5ec = —600 pm. ¢: Ay = 7 nm, Arr = 80 pm,

All the profiles recorded along the lines drawn in the previous mentioned images,
point that the distance between two protrusions is ~ 420 £+ 10 pm (figures —f),
which corresponds to the lattice parameter of NiO (a = 417 pm). This implies that,
for both types of surfaces, only every second atom is visible, similar to what is observed
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for ionic crystals [196] or other metal oxides [196]. The fast Fourier transforms (FFTs)

shown in figures are recorded on images [1.2h-[4.2, respectively. These FFTs
all show, with more or less intensity, a cubic pattern supporting the mesh geometries

of the rock salt structure of NiO. Figures highlight the fact that the distance
between two nearest neighbour atoms of the same type is ~ 290 £ 15 pm which fits to
the theoretical value of (av/2)/2 = 295 pm.

Because the imaging contrast is directed by the uncontrolable termination of the
AFM tip appex at RT, attributing the bright protrusions of figures [£.20f to a specific
type of atom and, as a consequence, determining if either Ni or O atoms are imaged is
not an obvious task. Nevertheless, assuming that Ni vacancies appear more often at the
surface of NiO [99], and taking into account that no atomic defects have been observed,
there are two possible interpretations: either the bright protrusions are corresponding
to Ni atoms and all the images were recorded on defect free areas, or the protrusions
are related to O atoms resulting in the fact that Ni vacancies are simply not visible.
However, earlier related works generally attribute the bright protrusions to O atoms
[120-122,|124}/176], but this argument has to be treated carefully. Indeed, contrary to
the present work where silicon tips are exclusively used, all the studies mentioned above
involve metallic tips. Since it is well known that this kind of tips exhibits a stronger
interaction with surface anions [197-199] it is obvious that O atoms are preferentially
imaged when scanned by a metallic tip. Therefore, considering the particular case of
a silicon tip scanning a NiO surface, it cannot be strictly excluded that the type of
imaged atoms is changing from one image to another with respect to the polarity of
the tip, as it has been previously observed on TiOs [141,]142,200]. Yet, given that,
no spontaneous contrast inversion has been observed during the imaging process, the
previous hypothesis is highly unlikely.

Consequently, even if the present experiment does not allow to state clearly con-
cerning the nature of the imaged atoms, the comparable contrasts highlighting the
same orientations of the atomic rows as well as the similar values of the measured
lattice parameters, for type 1 and type 2 surfaces, confirms at least that the imaged
samples are effectively both NiO(001) surfaces independently of their different large
scale morphology.

4.3 Line defects

It has been shown earlier that, depending on the batch from which the single crystal
originates, two type of surfaces can be observed when following the same preparation
process. This section here, focuses exclusively on type 2 surfaces were straight step
edges are running along the <110> crystallographic directions of the NiO surface.
Figure shows one of these surfaces where small line defects which are parallel to
the step edges can be observed.

In general, when following the preparation process which is described in section [2.3.1
of chapter [2| the length of these line defects is typically lying in the range of 5 to
20 nm. Interestingly, the size of these defects can be dramatically enlarged when the
duration of the second annealing cycle is significantly extended (to 4h instead of 1h)
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4.3. Line defects

and its temperature is increased (from 500° to 600°). Figure shows such a surface
prepared through this altered process. The shape and direction of the line defects
are unchanged but their length can now reach several tens of nm implying that they
can cross a complete terrace. Nevertheless, these defects seem not to overpass the
step edges. Contrary to the length of the defects, their heights, which are measured
thanks to the profiles that are displayed in figures and [A.3[, are staying constant
and are estimated to be hgeper ~ 120 pm. This corresponds to roughly 60% the
height of a step edge (hgep ~ 210 pm). However, because the surface potential at step
edges is surely different than on defects, these heights cannot be really compared, and
seeing bright defect doesn’t necessarily mean that they are composed of adding rows
of substrate material or related to surface contamination, but could also be related to

vacancies [201].
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Figure 4.3: Preparation process induces tunable line defects. a-b, Large
scale topographic images showing the line defects of NiO(001) surfaces prepared by
two different preparation processes. Increasing the annealing temperature and duration
leads to surfaces which are defect richer. c—d, Profiles recorded along red and green
lines of a and b, respectively. Scan parameters: a: Ay =5 nm, Af; = =9 Hz. b:
A1 =9 nm, Afi = -7 Hz

Not only the length of the defects is affected through this alternative preparation
process, but also their number is drastically increased. Indeed whereas less than 10%
of the surface is covered with defects when the preparation process presented in sec-
tion is respected, this proportion is increased to over 30% in case of an altered
preparation process, suggesting that the defect ratio can be controlled and tuned. This
property is of great interest since it has been shown in previous works that defect—rich
surfaces favour the anchoring of atoms or molecules [164}/194]202-204]. Indeed, it is
well known that defects can act as nucleation center and thus can form strong bonds
with molecules ,. It has also been shown that nanostructured surfaces can be
used to trap nano—particles or organic molecules ,. Nevertheless, defects can
also alter the physical intrinsic properties of semiconductors ,. For this reason,
the defect proportion has to be kept to a reasonable level.

Figure [4.4] shows one of the previously mentioned line defect with higher magnifica-
tion. In the topographic image displayed in figure [£.4h, recorded in the first scanning
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pass while regulating the tip/sample distance by applying a constant A f;, the defect
appears actually as two strands. Figure presents the corresponding A f; image
recorded in the second scanning pass while applying a z,ffse: of —600 pm. This image
unambiguously shows that the strands are directed along the [110] crystallographic
direction of the surface and that their structure can be resolved. In addition, a feature
that appears next to the double stranded line defect is visible in this image. Since it
was observed for several different cases it is attributed to a double tip, which is imaging
two times the same strand. It has been observed that double tip behaviour is pretty
common on this kind of defect-rich surfaces. This can be related to the fact that
defects are the cause of surface instabilities, which can lead to modification of the tip
geometry. The profiles recorded along the red and green lines on the surface and the
line defect, respectively, and displayed in figure point that the distance between
two bright protrusions is the same no matters if it is measured on the surface or on
the defect. This altogether is suggesting that line defects are adding or missing rows
consisting of surface material. However, given that only one type of atoms, is imaged
by the AFM tip (see section , it is difficult to conclude concerning the composition
of these rows. Namely if they are exclusively composed of one type of atoms or if they
consist of adjacent rows composed of alternating type of atoms, where the second type
of atoms are not visible.

2nd Pass defect

Figure 4.4: Atomic resolution on line defects. a, Topographic image of a line
defect acquired in the first scanning pass. b, Af; image recorded in the second scanning
pass showing atomic resolution on a line defect. ¢, Profile recorded in b along the
green (defect) and red (surface) lines. d, Close up Af; image of b with modified
contrast, showing that atoms from the same type are sitting on top of each other. Scan
parameters: Ay =4 nm, Afy = —42 Hz and 2,55 = —600 pm.

Figure is a close up look of with modified contrast, so that the atoms of
the defect are better visible. The structure of the surface is represented through white
dotted lines, where the center of the checks coincides with the center of the surface
atoms. Surprisingly, it can be seen in this image that the atoms of the line defect
appear to sit exactly on top of the surface atoms. Meaning that atoms from the same
type are sitting on top of each other which is energetically unfavourable. Therefore,
and contrary to what was suggested above, it is thus highly unlikely that the defects
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correspond to adding or missing rows of surface atoms. A second explanation would
be that the strands are formed by H atoms that anchor on top of the oxygen rows of
the surface. However, it has been seen that the number of defects is increasing after
annealing, but it is also well known that this type of treatment leads to reduction of
the surface. In other words, the amount of surface oxygen is decreased. Yet, if there is
less oxygen, there are also less anchoring sites for H atoms meaning that the number
of defects should drop upon annealing. Consequently, the last possible interpretation
for the line defects is that they are related to bulk impurities segregation similar to
what was observed on the surface of of TiO2(110) [144]. Considering that several
studies have proven the presence of this type of impurities in the bulk of single NiO
crystals [211-214], and that line defects were not observed on type 1 surfaces, this
reading for the compositions of defects is certainly the most reliable. The fact that
the strands are appearing exclusively on type 2 surfaces, would then mean that the
samples originating from the two last batches are less pure that the ones from the first
batch.

4.4 Summary

In this chapter the surface of NiO(001) was investigated. In a first part it was shown
that clean and atomically flat surfaces can be obtained when following a rigorous
preparation process. However, depending on the batch from which the crystal were
originating, two types of surfaces were observed with different step shapes but constant
step heights. In a second part, both types of surfaces could be resolved down to the
atomic scale with several measurement techniques. The single atoms as well as their
cubic packing pattern were observed. The last part focused on the line defects present
on the surface of NiO(001). It was shown that the length but also the number of these
defects can be tuned by annealing. These defects were always oriented alongside the
<110> crystallographic directions of the NiO(001) surface and could be resolved with
atomic accuracy. The composition of the strands remains unclear but it is thought
that they can be related to bulk impurities segregation.
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Comparing Standard n— and p—Type Dyes

N the context of p—type dye sensitized solar cells, not only the choice of the semicon-
ductor is crucial but also the careful selection of the sensitizers is significant. In this
chapter, two dyes, which are originally designed for different types of DSSCs, are

presented and studied by SPM techniques after adsorption on the surface of NiO(001).
In the first part, the dye molecules are described and their characteristics are discussed.
The motivations concerning the choice of these two specific molecules is explained.
Then, the morphologies of the hybrid interface formed by the dyes adsorbed on the
surface of NiO(001) are investigated by nc—AFM and the n— or p—type character of
both dyes are determined using KPFM. As expected it is shown by experiments at
the nanoscale that one dye is better adapted than the other for the design of p—type
DSSCs.

5.1 Motivation

Lately, the wide band gap n-type semiconductor TiOy has become one of the most
intensively studied metal oxide material in the field SPM [22-24,/164,167,170,215/[216]
with the purpose of using it in the context of dye sensitized solar cells (DSSCs). The
working principle of this type of hybrid photovoltaic device entirely relies on a pho-
toactive anode which is directed by the capacity of TiOy to absorb light after func-
tionalization with organic molecules. There, excited electrons, that result from the
absorption of incoming photons, are injected from the lowest unoccupied molecular
orbital (LUMO) of the dye molecule into the conduction band (CB) of the semicon-
ductor [137]. In contrast, even though NiO, was reported to be the first wide band
gap p-type semiconductor |13], and can therefore be used for the fabrication of proto-
typical p—type DSSCs [8,/14,217], its functionalization has only rarely been studied by
the means of SPM techniques [52,/53}/161,|{176]. In this second type of DSSCs, which
are based on photoactive cathodes, the charge transfer mechanism has an opposite
direction in comparison with n—type devices. Indeed, in this case, holes are injected
from the highest occupied molecular orbital (HOMO) of the dye to the valence band
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(VB) of the semiconductor after photon absorption. Consequently, the direction of the
charge transfer, which can be tuned by adjusting the positioning of the energy levels of
the molecular orbitals of the dye in comparison to the CB and VB of the metal oxide,
is of paramount importance for the proper functioning of the devices. In other words,
the ability of a dye molecule to accept or donate electrons, after it is adsorbed on the
surface of the semiconductor, plays a crucial role for the manufacturing of optimized
DSSCs. Therefore, dye molecules are specifically designed to be compatible with either
n— or p—type cells. In the following, these two types of molecules, will be referred to
as n— and p—type dyes, respectively.

Figure [5.1] presents the chemical structures of two molecules that are intended for
different types of devices. Copper(II) meso—tetra (4—carboxyphenyl) porphyrin (Cu—
TCPP) is comparable to some prototypical dye molecules that can be implemented for
the design of n—type DSSCs |21}218], and can therefore be considered as a n—type dye.
On contrary, Coumarin 343 (C343) can be used for the fabrication of working p—type
devices [7],219].

OOH C343
p-type dye

Cu-TCPP
n-type dye

Figure 5.1: Chemical structure of Cu—TCPP and C343. Copper(ll) meso-
tetra (4—carboxyphenyl)porphyrin (Cu—TCPP) is a n—type dye whereas Coumarin 343
(C343) is a p—type dye.

5.2 Interface morphologies imaged by nc—AFM

This section is dedicated to the investigation of the adsorption properties of the n—type
Cu-TCPP and the p-type C343 dye molecule on a type 2 NiO(001) surface (see sec-
tion in chapter E[) It is shown that both molecules tend to form molecular islands,
where molecules are lying flat on the surface of this metal oxide. These assemblies are
resolved with molecular accuracy by the means of nc—AFM.

5.2.1 Cu-TCPP islands formed on NiO(001)

In a first experiment, Cu—TCPP dye molecules are evaporated onto the surface of
NiO(001). Figure presents a large scale topographic image where it can be seen
that the molecules appear either to form small cluster or to assemble in molecular
islands on the surface of the semiconductor at RT. The emergence of large molecular
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island, that can reach 80 nm in width at RT, arises because the diffusion rate of the
molecules on the surface of NiO(001) is relatively large. In addition, the fact that
numerous clusters are observed can be explained by the presence of a large amount of
favorable anchoring sites such as defects or step edges. After annealing at 440 K, it can
be seen in figure [5.2p, that the terraces of NiO(001) are still covered with numerous
molecules but molecular islands are not longer observed. This demonstrates that the
interactions between the Cu—TCPP molecules and the surface, especially at defects and
step edges, are stronger than the interactions in between molecules. Thus, in order to
better understand which mechanism triggers the formation of molecular islands, the
following study focuses exclusively on these assemblies and not on single molecules or
clusters. The height of these islands, which is between 250 and 300 pm indicate that
the molecules are lying flat on the substrate. In addition, it can be seen in figure [5.2h,
that the islands exhibit two types of assemblies (1 and 2) where the molecular rows are
aligned along two different angles with respect to the [010] crystallographic direction of
the substrate (see red and blue dotted lines). This suggests that the surface symmetries
are playing a crucial role for the adsorption of molecules. With this in mind it is
expected to observe the same anchoring geometry of the molecules, with their anchoring
groups coupled always to the same kind of surface atoms, independently of the island

type.

Figure 5.2: Cu—-TCPP adsorbed on NiO(001). a, Large scale topographic im-
age showing that, at RT, Cu-TCPP molecules form islands that have two different
orientations with respect to the crystallographic direction of NiO(001). b, Large scale

topographic image of the same sample after annealing at 440 K. Scan parameters: a:
A1 =T7nm, Afy =—-7 Hz. b: Ay =4 nm, Afy = —18 Hz.

The adsorption geometry of Cu~TCPP is resolved in figure and [p.3p, which are
acquired respectively in the first and second scan pass of the multipass technique on top
of a type 2 island. The frequency shift image shown in figure [5.3p, which is recorded
following the topography of figure and applying a z,fsset of —600 pm, reveals
that the molecules are aligned in the assembly with their molecular axis oriented along
the [110] direction of the substrate (see model [5.3k). In the frequency shift image it
can also be seen that the upper right edges of the Cu—TCPPs appear with a brighter
contrast compared to the rest of the molecule. However, since a slight asymmetry
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is also visible in the topographic image, it is thought that this particularity is an
imaging artefact originating from a irregular tip geometry, rather than a real feature
arising from the actual adsorption geometry of the molecule. Moreover, an asymmetric
adsorption geometry of the Cu-TCCP molecule is highly improbable because of its
four equivalent anchoring groups which should exhibit similar interactions with the
surface. This would in turn surely lead to a flat lying configuration of the molecule on
the surface of NiO. Based on these statements, it is assumed in the following that the
molecules of both island types adsorb in the same flat lying geometry. Considering the
partial charge distribution of the surface (Niis d+ and O is 0—), the tentative model
depicted in figure highlights that the metallic core of the molecule as well as its
four anchoring groups are likely located above of O atoms.

Figure 5.3: Submolecular resolution on a Cu—TCPP island. a, Topographic
image recorded in the first pass of the multipass scanning mode of AFM on top of a
Cu-TCPP island. b, Corresponding frequency shift image acquired in the second pass
highlighting the adsorption geometry of Cu—TCPP on the surface of NiO(001). Scan
parameters: Ay =7 nm, Afi = —12 Hz, 2550 = —600 pm.

At this point, it is worth to mention that, in order to facilitate the reading of the
following part, p; and ps are defined as the angles with respect to the [010] direction
of the substrate along which the molecular rows of type 1 and 2 islands are aligned,
respectively. a; and b; refer to the lattice vectors of one unit cell of type 1 island and
0, is the angle between these vectors. Analogue denominations are used for type 2
islands where as and by vectors are separated by a 5 angle. Dy and Dy stand for the
molecular densities of both island types.

Close up topographic images acquired on top of both types of islands allow to study
more in details the packing properties of Cu-TCPP. The molecular alignment of type
1 and 2 islands are resolved in figures and 5.4, respectively. The angles p; and ps
are measured to be ~ £10° and ~ £20°, respectively and the lattice parameters ay, by,
as and by are all estimated to lie in the range of ~ 1.54+0.1 nm. In contrast to the unit
cell vectors which present similar values, the angle #; and 65 are perceptibly different,
and their values are measured to be around ~ 88° and ~ 82°, respectively. Based
on the high resolution images and the FFT signals displayed in figures and [5.4,
the molecular densities of both types of islands (D; and Dj) are estimated to be
~ 0.46£0.2 nm 2. Knowing the structure of the substrate and assuming that the Cu-
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TCPP molecules adsorb in a flat lying geometry with their molecular axis along the
[110] direction of the substrate and their metallic core, as well as their anchoring groups,
above O atoms, tentative models corresponding to the experiments can be established.
The latter are displayed in figure [5.4¢ and and suggest that the molecules are
linked to each other via H-bonding in between their carboxylic groups. Model values
for the lattice parameters can be calculated: a; = 1.47 nm, b; = 1.47 nm, #; = 90°,
D, = 046 nm~2, ay = 1.62 nm, b, = 1.32 nm, 0, = 85.2°, and Dy = 0.48 nm 2
These values are compared to the experimental parameters in table [5.1l The fact
that experimental and model results are fitting pretty nicely suggests that the latter is
relatively accurate and therefore present reliable mesh motifs for type 1 and 2 islands.

Figure 5.4: Molecular orientations of type 1 and 2 islands. a and d, Close-
up topographic images showing the two different orientations of type 1 and 2 islands,
respectively. b and e, Corresponding FFTs. ¢ and f, Corresponding models. Scan
parameters: a—b: A1 =4 nm, Af; = —38 Hz. d—e: Ay =7 nm, Af; = —8 Hz.

Molecules Mesh parameters Molecular density
Exp. Model Exp. Model

Cu-TCPP | a1 ~1.54+0.1 nm | a; = 1.47 nm
type 1 by ~15+0.1nm | by =147 nm | D; ~ 0.46 nm~2 | D; = 0.46 nm ™2
0, ~ 88° 61 = 90°

Cu-TCPP | a3 ~ 1.5+ 0.1 nm | as = 1.62 nm
type 2 by ~1.5+0.1nm | by =1.321nm | Dy ~ 0.46 nm~2 | Dy = 0.48 nm 2
92 ~ 820 02 = 85.20

Table 5.1: Parameters measured and calculated for Cu—TCPP islands.
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5.2.2 C343 islands formed on NiO(001)

In a second experiment, C343 dye molecules are evaporated onto the surface of NiO(001).
In the topographic images displayed in figure [5.5] it can be seen that the morphology
of the sample drastically depends on the molecular coverage. When the latter is kept
low (~ 0.1 ML), as shown on figure , the C343 molecules appear to aggregate in
small molecular clusters that preferentially adsorb at step edges or defects. The homo-
geneous distribution of these clusters over the terraces of NiO implies a relatively low
diffusion rate of the molecules. In figure [5.5b, which shows the same sample imaged
after annealing at 380 K, it can be seen that the morphology of the interface has not
been modified. This suggests that the low diffusion rate of C343 cannot be increased
via this type of treatment, and therefore that the formation of molecular islands cannot
be triggered at low molecular coverage.

high coverage
380K

I{Eﬂ

Figure 5.5: C343 adsorbed NiO(001). a, Large scale topographic image after
low coverage deposition of C343 molecules at RT. b, Topographic image of the same
sample after annealing at 380 K showing the same morphology than a. ¢, Large scale
topographic image after higher coverage deposition of C343 molecules at RT showing
the formation of islands. d, Topographic image of the same sample after annealing
at 380 K showing a different morphology than c. Scan parameters: a: Ay = 7 nm,
Afi = =10 Hz. b: Ay =7 nm, Afy = =5 Hz. ¢: Ay =7 nm, Af; = =7 Hz. d:
A =7nm, Af; = -9 Hz.

Thus, C343 islands can be observed only when the coverage is increased (~ 0.6 ML),
as illustrated in figure [5.5c, where molecular islands, that are 10 to 30 nm in width,
are observed at RT. The fact that these islands are smaller compared to the assemblies
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formed by Cu-TCPP suggests that the limited diffusion rate of C343 observed at lower
coverage is even smaller in comparison to the Cu—TCPP. This is unexpected since the
latter is designed with four carboxilic anchoring groups contrary to C343 who has only
one. However, since the defect density of the surface can also strongly influence the
anchoring of molecules, a defect richer surface can theoretically lead to formation of
more but also smaller islands. Because C343 were deposited on a different surface than
Cu-TCPP it is therefore difficult to conclude with respect to this point. Nonetheless,
comparably to Cu-TCPP, it can be seen in figure that the crystallinity of the
molecular assemblies, which are formed at high coverage at RT, is lost when the sample
is annealed at 380 K, suggesting that the molecule/molecule interactions are weaker
than the molecule/surface bonds, also in the case of C343. This indicates that the
forces acting in between the molecules or between the molecules and specific anchoring
sites of the NiO surfaces are originating from the same interaction than in the case of
Cu-TCPP.

In order to confirm this hypothesis, the molecular islands formed by C343 on the
surface of NiO are studied in more detail in the following. In the image presented
in figure [5.6f, it can be seen that even if their sizes differ in width from one island
to another, their heights of ~ 250-300 pm are constant, suggesting that, similar to
Cu-TCPP, C343 are adsorbing in a flat lying geometry. On the other hand, unlike
Cu-TCPP, only one type of island is observed for C343. The molecules are oriented
along an angle which is measured to be p3 ~ £15° with respect to the [010] direction
of the substrate.

Figure [5.6b shows a close up topographic image acquired on top of one of those
(343 islands. In this image it can be seen that a mesh motif is composed of two
pairs of molecules where the first pair has its molecular axis oriented along vector
az and the second pair aligns following vector b3, resulting in a unit cell containing
four molecules. The mesh parameters az and b3 are measured to be 3.5 + 0.1 nm
and 1.5 + 0.1 nm, respectively and an angle 3 ~ 87° is measured between these
vectors. Which leads to a molecular density of D3 = 0.74 nm~2. The mesh motif,
observed in figure [5.6p, is mimicked in the tentative model displayed in figure [5.6f.
The alternating orientation of the molecules composing one pair is reproduced by
operating an inplane rotation of C343 by 180°. Because C343 is a prochiral molecule
when confined to 2D [52}75,[220-224], two distinct molecule chiralities (o and ) are
expected to be observed. However, the topographic image as well as the model suggest
that the molecular domains are enantiopure. In the present work, only one of the
two chiralities was observed, but this can surely be related to the fact that only a
very limited number of islands could be imaged with a sufficient accurate resolution to
determine the configuration of the molecules. Thus, in order to conclude concerning
the value of the ratio a:/3, a more statistical study, involving high resolution imaging,
would be needed. Nonetheless it can reasonably be expected that this ratio is 1:1. In
the model, it can also be seen that, the pairs formed by the molecules are resulting from
formation of H-bonds in between their carboxilic acid groups. The following values
result from the model: a3 = 3.44 nm, by = 1.47 nm, 05 = 84.1° and D3 = 0.79 nm 2.
The latter are compared to the experimental values in table [5.2] where it can be seen
that they are matching again pretty nicely confirming the reliability of the model.
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Figure 5.6: C343 islands on NiO(001). a, Large scale topographic image showing
that C343 molecules form islands that present only one orientation with respect to
the crystallographic direction of NiO(001). b, Close—up topographic image recorded
on top of a C343 island and ¢, ils corresponding model. d, Large scale topographic
image showing C343 islands on a second NiO(001) sample. e, Close—up topographic
image recorded on top of a C343 island showing a different contrast than b, and f, its
corresponding model. Scan parameters: a: Ay =7 nm, Afy = =7 Hz. b: Ay =7 nm,
Afy=—=7THz d: Ay =5nm, Afy =—-13 Hz. e Ay =5 nm, Af; = —15 Hz.

Molecules Mesh parameters Molecular density
Exp. Model Exp. Model
az3 ~ 3.5+ 0.1 nm | az3 = 3.44 nm
C343 b3 ~15+01nm | by=147nm | D3 ~0.74 nm2 | D3 = 0.79 nm~2
03 ~ 87° 03 = 84.1°

Table 5.2: Parameters measured and calculated for the C343 island.

Comparably to figure[5.6p, the large scale topographic image displayed in figure [5.60
shows the molecular assemblies formed by C343 molecules on the surface of NiO(001).
Even though, both samples were obtained using similar preparation processes, the
molecular coverage appears to be higher on the second surface. Here also, C343 islands
are formed, but because of the larger number of molecules, it is observed that the
crystallinity of the molecular layers is affected. Indeed, on account of the reduced
available space on the bare substrate, crystalline islands are observed to merge with
less ordered areas resulting in a molecular layer that is of poor quality in terms of long
range order. However, within this layer, several zones presenting a reliable crystallinity
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can be identified. The latter exhibit molecular rows that are oriented along an angle
p3 ~ £15° with respect to the [010] direction of the substrate, similar to what has
been observed in figure [5.6p.

Figure shows a close up topographic image acquired on top of one of those
crystalline zones. This image presents a different contrast in comparison to figure [5.6p.
Indeed, instead of presenting a mesh motif that is composed of two pairs of molecules,
it seems that the molecules are linked four by four, forming a cross like structure and
resulting, as well, in a unit cell that consists of four molecules. The experimental lattice
parameters ag, b3, #3 and D3 are also measured to be the same than for figure [5.6p.
Consequently a second tentative model representing the mesh motif of a C343 island
is displayed in figure [5.6f. The latter, which highlights the bonding of one molecule to
three of its neighbours via H-bridging of their carboxylic groups also fits nicely with
the experiment.

Thus, two different models corresponding nicely to the experimental results are avail-
able. In order to unambiguously state which one is the most accurate, further investiga-
tions involving submolecular imaging are required. Yet, considering that the contrast
presented in figure was more regularly observed than the contrast highlighted in
figure [5.6f, it is thought that a mesh motif composed of two pairs of molecules, in-
stead of four molecules arranged in a cross like feature, is more realistic. In addition,
whereas the surface charges were compensated only locally in figure [5.6f, figure [5.6p
was recorded while combining topographic and KPFM measurements, which should
result in a more reliable contrast.

5.3 Charge transfer direction studied by KPFM

This section focuses on the comparison of the n— and p-type character of Cu-TCPP
and C343 after adsorption on the surface of NiO(001). The CPD between the surface
and the different molecular islands are determined by FM-KPFM [225]. Because the
CPD value measured on the surface of NiO can vary by about £100 mV depending on
the tip, it is worth to mention that, for simplification reasons with the aim of facilitating
the comparison between both samples, this value is set to 0 V. Consequently, all the
values given below are relative CPDs.

Figure presents a large scale KPFM image acquired simultaneously to the to-
pography shown in figure [5.2h. Here it can be seen that the CPD is lowered above the
molecular layers in comparison to the bare substrate. This is also visible in figure [5.7b
where a line profile is displayed. The latter emphasizes that the CPD is decreased by
roughly —400 mV. This value is confirmed by analysing a larger set of images using
the method described in section [1.3] resulting in a AVeopp = —400 + 50 mV, inde-
pendently of the island type. This drop in the absolute CPD is directly related to a
decrease of the work function, which in turn is associated to a more positively charged
molecular island in comparison to NiO. This effect is therefore attributed to a dipole
moment pointing towards the molecular layer, originating from partial charge transfer
directed from the molecules towards the underlying sample (see figure ) implying
the electron donor character of Cu—TCPP upon adsorption on NiO. This corresponds
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to what is expected when an n—type dye molecule is adsorbed on the surface of a semi-
conductor. As discussed in section[I.3] the value of the average dipole moment and the
corresponding partial charge transfer can be deduced from the measured CPD
and the value of the molecular density. Thus, because type 1 and 2 Cu-TCPP is-
lands present slightly different densities, the average dipole moment is calculated to be
—2.3 D/molecule for type 1 and —2.1 D/molecule for type 2 assemblies. Resulting in a
partial charge transfer which is 0.34 and 0.35 e~ /molecule, respectively. Consequently,
the intensity of the charge transfer triggered when Cu-TCCP molecules are adsorbed
on NiO, is determined to be roughly equal to 0.16 e~ /nm?.

MO

Figure 5.7: CPD on Cu-TCPP adsorbed on NiO. a, KPFM signal measured
on Cu—TCPP islands formed on the surface of NiO(001). b, Profile recorded along the
red line displayed in a. ¢, Sketch highlighting the direction of the charge transfer from

the molecular layer to the surface of NiO. Scan parameters: Ay =7 nm, Af, = =7 Hz,
Vac =800 mV and w = 1 kHz.

The KPFM signal displayed in figure showing C343 islands formed on the
surface of NiO, was acquired simultaneously to figure [5.6h. Unlike figure 5.7k, it can
be seen in this image, that the CPD contrast is varying a lot over large scales and
is not restricted to a clear distinction between bare substrate and molecular layer.
This originates from surface charge variations that probably arise after cleavage. For
this reason, in order to be able to distinguish better the molecular layers from the
bare substrate, the edges of the islands are highlighted through black dotted lines in
this image. However, despite this long range charge variations, a clear contrast can
unambiguously be determined locally. Indeed, when focusing on smaller areas, where
the KPFM contrast is not directed by large scale charge variations, it can be stated that
the CPD is increased above molecular islands compared to the metal oxide (see areas
A, B, Cand D in ﬁgure. Thus, contrary to Cu—TCPP, the work function is locally
increased resulting in a charge transfer in opposite direction, i.e. from the substrate
toward the molecules (see figure ), which fits to the expected electron acceptor
behaviour of a p—type dye molecule. The local increase of the CPD is also observed in
figure which shows a KPFM image with molecular resolution. From this image,
as well as the profile displayed in figure [5.8c, which was recorded along the green line
shown in figure [5.8h, the value of AVopp can be deduced to be around 150 mV. As for
Cu-TCPP, this value was confirmed by analysing a larger set of images resulting in a
value that is 150 4+ 30 mV. This value is attributed to an average dipole moment of
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5.4. Summary

0.5 D/molecule corresponding to a partial charge transfer of 0.08¢~ /molecule implying
that, in terms of charge transfer intensity, the p—type C343 molecule appears to be
around 4 times weaker than n—type Cu—TCPP. This can easily be explained by the
fact that C343 has only one carboxylic acid anchoring group which can act as a dipole
when the molecule is adsorbed on a surface in contrast to Cu-TCPP which has four.
However, when the charge transfer is calculated in function of active area instead of
single molecule, and because C343 is smaller in size than Cu—TCPP, its value becomes
0.06¢~ /nm?. Thus, this implies that C343 is roughly 2.5 times less efficient in terms of
charge injection than Cu—-TCPP if one thinks about designing a prototypical device.

V] c343

: [nm]
010 20 30 40

(d) .
LD €Lk T

o p

CPD [mV] 2 2

Figure 5.8: CPD on C343 adsorbed on NiO. a, KPFM signal measured on C343
islands formed on the surface of NiO(001). b, KPFM signal recorded on top of a C343
islands showing molecular contrast. ¢, Profile recorded along the green line displayed
in a. d, Sketch highlighting the direction of the charge transfer from the surface of NiO
to the molecular layer. Scan parameters: Ay =7 nm, Afy = =7 Hz, Vac = 800 mV
and w = 250 Hz.

In order to summarize the results, a comparison of Cu-TCPP and C343 in terms
of n— and p-type character is given in table Here it is worth to mention that +
stands for a charge transfer directed from the molecular layer toward the substrate,
whereas — stands for a charge transfer in opposite direction.

Molecules AVepp p partial charge transfer
/molecule | direction | /molecule | /nm?
Cu-TCPP typel | =400 £50 mV | —2.3 D + +0.35 e | +0.16 e~
Cu-TCPP type2 | =400 £50 mV | —2.1 D + +0.34 e | +0.16 e~
C343 150 £ 30 mV 0.5D — —0.08 e~ | —0.06 e~

Table 5.3: Comparison between Cu—TCPP and C343 adsorbed on NiO(001).

5.4 Summary

In this chapter, nc-AFM was employed in a first part in order to compare the adsorp-
tion of the n—type Cu—TCPP molecules to the p—type C343 dye on NiO(001). High
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Chapter 5. Comparing Standard n— and p—Type Dyes

resolution imaging revealed that both dyes form molecular islands, where the molecules
are lying flat on the surface of the metal oxide. Several types of islands originating from
the fact that the molecules are oriented following different angles with respect to the
[010] cristallographic direction of the substrate, were investigated. Models reproducing
the different mesh motifs of the experiment, were established. Comparison between
the values arising from the model with the experimentally measured lattice parameters
demonstrated the larger molecular density of C343 compared to Cu—TCPP. Which is
however expected because of the smaller size of C343.

KPFM measurements were performed with the prospect to state concerning the n—or
p—type character of both molecules. Interestingly, it was observed that the work func-
tion is decreased above Cu-TCPP islands compared to the bare surface of NiO(001),
whereas it is increased on top of C343 assemblies, implying that the charge transfer
occurs in opposite directions from one molecule to the other. Cu-TCCP appear to
injects electron to NiO while C343 accepts electrons and consequently injects holes.
The values of these charge transfers were also calculated resulting in the fact that C343
appears to be less efficient than Cu-TCPP (0.16 against 0.06 e~ /nm?). Consequently,
for the design of optimized p-type DSSC devices, the development of dyes combining
the p—type character of C343 and the efficiency of Cu—TCPP is required.

o8



Sensitization via On—Surface Synthesis

ENSITIZING inorganic surfaces with organic molecules, with the purpose of build-
ing hybrid interfaces, is an ubiquitous topic in the field of surface science in gen-
eral and SPM in particular. However, this is not systematically easy to achieve,

especially when metal oxides have to be functionalized with complex dye molecules
that cannot be sublimated. Consequently, one possible method to fulfil this goal is to
assemble the complete dye molecule on the specific surface. This method is expected
also to result in more efficient dye molecules. In this chapter, the first steps of such
an on-surface synthesis are followed with submolecular accuracy using several SPM
methods. In a first part, the chemical reaction is described. It essentially consists in
a successive assembly of a surface-bound heteroleptic dye. In the following parts, the
adsorption of a dye precursor and the assembly of its metal complex from which the
complete dye can originate are investigated at two different surfaces.

6.1 Motivation

In the context of p-type DSSCs, the hierarchical assembly strategy termed surface—
as—ligand surface—as—complex (SALSAC) [226] is one of the options of sensitizing NiO
surfaces for an optimized photon adsorption. This method allows to design novel
molecular compounds owning anchoring groups such as carboxylic acids and a metal
binding unit, such as 2,2’-bipyridine (bpy). The first groups are responsible for the an-
choring of the molecule on surfaces and the second domain promotes ligand exchange
when exposed to an homoleptic metal complex. As shown in figure [6.1] this strategy
enables the synthesis of complex dyes through successive steps. Indeed, the dye pre-
cursor is, first of all, adsorbed on the surface of NiO, where it is then capped with a
metal, followed by the ancillary ligand to complete the active dye [227-229).

In the context of DSSCs, this reaction is performed in solution. Nonetheless, be-
cause liquid environment is not compatible with the cleanliness level required for high
resolution imaging, this is done under UHV conditions. Furthermore, the following
work exclusively focuses on the first steps of the reaction involving the dye precursor
DCPDM (bpy), which is based on a 6,6'-dimethyl-2,2’~bipyridine metal binding unit
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Chapter 6. Sensitization via On—Surface Synthesis

with two 4—carboxyyphenyl anchoring groups. Indeed, the adsorption of DCPDM/(bpy)
on surfaces as well as the formation of the complex M-DCPDM|(bpy) triggered by bind-
ing of the bpy of DCPDM(bpy) to a metal M (M = Fe or Au) is investigated by SPM

techniques.
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Figure 6.1: On—surface reaction. The conformation of the dye precursor changes
from transoid to cisoid upon coordination to a metal. The metal coordinated precursor,
M-DCPDM(bpy), can further be capped with an ancillary ligand to form a photo active
dye molecule.

6.2 On-—surface synthesis on NiO(001)

This section is dedicated to the study of the first steps of the above mentioned reaction
on the surface of NiO(001) at RT. In a first part, the adsorption of the dye precursor
DCPDM(bpy) on the surface of NiO is investigated at different coverages. Structural
and electrical measurements performed by RT nc-AFM and KPFM are shown and dis-
cussed. In a second part the emergence of the specific iron complex Fe-DCPDM (bpy)
is studied. It is shown that binding of the N atoms of the bpy domain of DCPDM/(bpy)
dye precursor to Fe atoms leads to a conformation change of the molecule.

6.2.1 Dye precursor anchoring on NiO(001)

The dye precursor DCPDM (bpy) molecules are sublimated onto the surface of NiO(001)
kept at RT, with a low coverage rate, with the aim of imaging single molecules and
resolve their adsorption geometry with submolecular accuracy by the means of nc—
AFM. At this point it is worth to emphasize that all the images shown in this part
were recorded at RT on a type 1 NiO surfaces with curvy step edges (see section in
chapter [i). Figure shows the large terraces of NiO(001) covered with 0.2 ML of
DCPDM(bpy). The fact that the bright protrusions, visible on the surface exhibit ir-
regular shapes and sizes is related to the presence of both, molecular clusters and single
molecules on the surface of NiO(001). Comparably to what can be observed on ionic
crystals for several molecules [204,230], DCPDM (bpy) manifests the clear tendency to
preferentially adsorb at the upper as well as at the lower side of step edges. Nonethe-
less, the fact that terraces are homogeneously covered with molecules in addition to
the relative small distance in between them (3.9 £ 0.7 nm in average, corresponding
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6.2. On-surface synthesis on NiO(001)

to a relative interval of about twice the size of a molecule), suggests that the diffusion
on NiO(001) is rather low. This therefore implies a relatively strong adhesion to the
surface, which can, however, slightly be reduced when the sample is annealed 1 h at
420 K (see figure ) Indeed, upon this annealing treatment, the interval in between
the protrusions is increased (5.3£0.7 nm in average) and the step edges are completely
saturated with molecules. Nevertheless this enhancement of diffusion is limited and
can not be further improved. Annealing at higher temperature (500 K for 1 h) does not
lead to intensification of the molecular mobility or to assembly formation, but rather
results into desorption of DCPDM(bpy), as shown in figure where the molecular
density is drastically reduced in comparison to figure and [6.2p.

Figure 6.2: Annealing effect on the binding energy of DCPDM (bpy) to
NiO(001). a—c, Topographic images recorded on a NiO(001) surface covered with
0.2 ML of DCPDM/(bpy) molecules before and after annealing treatment of 420 K and
500 K, respectively. Scan parameters: a: Ay =4 nm, Afy = —3 Hz. b: Ay =4 nm,
Afy=—-7Hz ¢: Ay =4 nm, Af; = —6 Hz.

The adsorption geometry of DCPDM(bpy) on a NiO(001) terrace is resolved using
the multipass technique (see section in chapter [1)). Because scan conditions
are often unstable in close vicinity to the surface when measuring large corrugations,
such as step edges, the multipass technique delivers reliable topographic informations
for molecules adsorbed on terraces. Figure [6.3h shows an image of such a molecule
acquired in the first scan pass using the previous mentioned method. The dimen-
sion of the protrusion imaged here is size consistent with the expected size of a single
molecule (i.e. a length of ~ 1.8 nm). In addition the measured height of the present
object (~ 200 pm) suggests that the single molecule is lying flat on the surface. Fig-
ure [6.3p presents the Af; image of the same molecule recorded in the second scan
pass of the multipass technique reducing the tip/sample distance by 350 pm in com-
parison to the first pass. It can be seen in that image that DCPDM/(bpy) adsorbs
in its transoid conformation on the surface of NiO(001). Interestingly, the transoid-
geometry of DCPDM(bpy) can be observed before and after the sample is annealed at
420 K implying that temperature does not influence the conformation of the molecule.
Knowing the atomic structure and the crystallographic orientation of the surface (see
section in chapter [4]), a model of the absorption geometry of DCPDM(bpy) can
be drawn. In the following it is considered that, because of minimization of H-H re-
pulsions, the phenyl and pyridine rings are slightly twisted with respect to each other.
Consequently, the model displayed in figure [6.3f, shows that DCPDM(bpy) adsorbs
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Chapter 6. Sensitization via On—Surface Synthesis

according to the atomic symmetries of the substrate and aligns along the [110] crys-
tallographic direction in such a way that the two similar functional groups are always
facing the same type of surface atoms (either Ni or O). Considering the partial charge
distribution of the surface (Niis d+ whereas O is d—), it is expected that the N atoms
from the bpy domain are positioned on top of Ni atoms whereas the carboxilic acid
groups adsorb on top of O atoms forming H-bonds with the surface.

(a) 1st Pass | (b) 2nd Pass (3] Model

0 Z [pm 300 9] Afq [E 5

Figure 6.3: Single DCPDM (bpy) molecules on NiO(001) at RT. a, Topo-
graphic image of DCPDM (bpy) molecules adsorbed on the surface of NiO(001) acquired
using the multipass scanning mode of AFM. the single molecule is imaged in the first
scan pass. b, Frequency shift image recorded in the second scan pass on the same
molecule, showing that DCPDM (bpy) adsorbed in its transoid—conformation. ¢, Model
of transoid-DCPDM (bpy) on the surface of NiO(001). Scan parameters: Ay = 4 nm,
Afy = =25 Hz, Zoppset = —350pm.

However, even at low coverage (0.2 ML), single molecules are relatively rarely ob-
served. More often, DCPDM(bpy) appear to form clusters presenting a wind—mill
shape as pointed by the red arrows visible in figure[6.4h. Similarly to what is observed
for single molecules, this specific type of cluster appears to exhibit a preferential orien-
tation along the atomic rows of the substrate. Figure[6.4b shows a close—up topographic
image of such a cluster. This image recorded in the first scan pass of the multipass
techniques clearly emphasizes that the windmill clusters consist of four distinct mol-
ecules. Because the measured height of the cluster appears to be the same than for
single DCPDM (bpy), it can be concluded that the molecules composing the windmill
clusters are also lying flat on the surface of NiO(001), implying that the adsorption
geometry of the molecules is the same when adsorbing as a single molecule or when
forming clusters. However, this can better be seen in the corresponding A f; image
(figure ) acquired in the second scan pass applying a 2,¢fser 0f —350 pm, which
unambiguously shows that the molecules are lying in their transoid conformation. In-
terestingly this image also highlights the fact that DCPDM (bpy) presents two distinct
surface enantiomers. Indeed, molecules A, B and C exhibit the same form which can
be obtained by 90° clockwise rotations with respect to each other whereas the form of
molecule D cannot be obtained by any rotation of the other molecules. This can be
related to the prochiral character of DCPDM (bpy). Indeed, like a large class of mole-
cules, DCPDM(bpy), which is achiral in solutions or in the gas phase, becomes chiral
after only one step, i.e. when confined in two dimensions [220-224]. Consequently as
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6.2. On-surface synthesis on NiO(001)

shown in figure [6.4[, this leads to the appearance of two surface enantiomers: « and
(. Considering the specific case of the cluster discussed above, molecules A, B and C
are therefore @ enantiomers whereas D is in the § form of DCPDM(bpy). The ratio
« : 8 varies from cluster to cluster, suggesting that there is no preferred enantiomeric
form of the molecule and thus implying that all over the total surface of the sample,
this ratio should be 1:1.

3 . !
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‘Z[nm]

Figure 6.4: Windmill cluster on NiO(001) at RT. a, Topographic image of
DCPDM (bpy) molecules forming a windmill shaped cluster (red arrows) on NiO(001).
b, Topographic image of a cluster formed by 4 molecules (A, B, C and D) recorded
in the first scan of the multipass technique. ¢, Frequency shift image acquired in the
second scanning pass with an offset of —350 pm showing that DCPDM(bpy) adsorbs
on NiO(001) with two distinct chiralities. d, Sketch presenting the prochiral character
of DCPDM(bpy). Scan parameters: a: Ay =4 nm, Afy = =3 Hz. b—c: Ay =4 nm,
Afl =—-28 HZ, Zof fset = —350 pm.

Contrary to what is observed at low molecular coverages, temperature drastically
influences the interface morphology when the sample presents a higher molecular cov-
erage. This is illustrated in figure [6.5| where a NiO surface covered with 0.8 ML of
molecules is displayed. When this sample is imaged before annealing treatment, as
shown in figure [6.5h, the surface of NiO is barely visible and almost completely cov-
ered with DCPDM (bpy) molecules packing in a random way. After annealing for 1h at
420 K, crystalline islands are observed on the terraces of the surface, whereas the step
edges are saturated with disorganized molecules (figure ) The fact that island
formation is observed only at higher coverage, implies that the molecules have to be
really close to each other from the beginning to reorganize in crystalline assemblies
after annealing. This confirms that the diffusion of DCPDM(bpy) on the surface of
NiO(001) can be only slightly enhanced upon heat treatment. Interestingly, in contrast
to what is usually observed at RT where molecular islands often undergo a step—flow
growth process [165][176,231},[232], it appears in figure that the DCPDM(bpy)
islands exhibit the clear tendency to avoid growing from step edges. This might imply
that adsorption at these specific sites is different than on the terraces. However, in
order to confirm this hypothesis, high resolution imaging with submolecular accuracy
at step edges is required. This could not be achieved so far because of the larger cor-
rugations at these specific sites of the surface, resulting in scanning instabilities, which
are not compatible with high resolution imaging.
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Chapter 6. Sensitization via On—Surface Synthesis

Figure 6.5: Annealing effect on the morphology of assemblies. a and b, Topo-
graphic images recorded on a NiO(001) surface covered with 0.8 ML of DCPDM (bpy)
molecules before and after annealing treatment at 420 K, respectively. Scan parameters:
a: Ay =4 nm, Afi =—-9 Hz. b- Ay =4 nm, Af; = —18 Hz.

Figure highlights two different orientations for the molecular islands. Both as-
semblies exhibit an identical height of 180+20 pm. This supports the fact that, similar
to single molecules adsorbed on the surface of NiO(001), DCPDM(bpy) are still lying
flat in their transoid conformation and this independently of the island orientation.
This can better be seen in figures and [6.6k which are close—up topographic images
of both structures overlaid with a tentative model representation. In the first assem-
bly, presented in figure , the DCPDM (bpy) molecules are aligned in vertical rows
following the [100] direction of the substrate (orientation V) while they form horizontal
rows extended in the [010] direction in the second (orientation H — figure [6.6f). From
this images it can also be clearly seen that orientation V can be converted to H by
operating an 90° rotation, and vice versa, which is consistent with the symmetries of
the NiO(001) surface and also supports the expected alignment of the molecules along
the <110> cristallographic directions of the substrate. Furthermore, the topographic
images of figures and show that the molecules are arranged with alternating
orientations within the islands, suggesting that every second molecule exhibits a differ-
ent conformation. This probably results from the emergence of the prochiral character
of DCPDM(bpy) after confinement on a surface. Indeed, this orientation alternation
is related to the chiral a and /5 forms of DCPDM(bpy), implying that the ratio « :
is 1 : 1 as expected (see models in figures and [6.6k). In addition, the models sug-
gest that the DCPDM(bpy) interact with each other via H-bridging of their carboxylic
groups.

Figure represents the CPD recorded by KPFM simultaneously to the topo-
graphic image displayed in figure [225]. Here it can be seen that the voltage
needed for the compensation of electrostatic forces is the same for V and H islands,
supporting that the adsorption geometry of DCPDM(bpy) is the same in both islands.
In these areas, where molecules are self assembled, the absolute CPD value is increased
in comparison to the surface of bare NiO, and the average CPD difference is measured
to be AVepp = 180 £ 30 mV. However, in areas, such as step edges and certain zones
of the terraces, where the molecular order and density are lower, the CPD contrast is
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6.2. On-surface synthesis on NiO(001)

much weaker, evidencing that the arrangement into islands through H-bridging has a
direct influence on the electrical coupling between the NiO surface and the molecular
layer.

Because the CPD arises from the work function difference between the tip and the
substrate, a higher absolute CPD value over the molecular layer can be directly re-
lated to a higher work function in these areas. This can, in turn, be attributed to more
negatively charged molecular islands compared to the substrate and a dipole moment
is pointing towards the surface. It is thought that the latter originates form a partial
charge transfer directed from the surface to the molecular layer. Moreover, both quan-
tities can be determined based on the measured CPD difference AVepp ,. Indeed,
starting form this value, the dipole moment density difference between the molecular
layer and the surface of NiO can be calculated to be Ap = 0.5 D/nm?. Dividing this
value by the molecular density (D = 0.43 nm~2), which can easily be extracted from
the high resolution imaging, leads to an average dipole moment of 1.1 D per molecules.
Assuming an effective substrate/molecule distance of 90 pm corresponding to half the
height of an island , a partial charge transfer of 0.26 e~ /molecule can be calculated.

Figure 6.6: DCPDM(bpy) islands on NiO(001) at RT. a, Topographic image
showing two possible orientation for molecular islands: H and V. b, Corresponding
KPFM signal measured simultaneously. ¢ and d, Close—up on V and H islands re-
spectively. Models of the substrate and molecular layer are superimposed to the to-
pographic measurements. Scan parameters:A; = 4 nm, Afy = =9 Hz, w = 900 Hz,

VAC =800 mV.

Interestingly the direction of this partial charge transfer (from the substrate to the
molecular layer) is similar to what is observed for the p-type dye molecule C343,
however its value is roughly 4 times larger (see section in chapter . Further-
more, if calculated in function of active surface, DCPDM (bpy) appears to be about
two times more efficient than C343 in terms of charge injection (0.11 e~ /nm? against
0.06 ¢~ /nm?). Knowing that DCPDM(bpy) is not a complete dye but only a precur-
sor, one might expect that the intensity of this partial charge transfer can be further
increased after assembly of the full dye, making it even more efficient and therefore
much better adapted compared to C343 for the design of optimized DSSCs devices.
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6.2.2 Metal complex formation on NiO(001)

In order to trigger the formation of a metal complex, a bare type 2 surface of NiO(001),
with straight step edges running along the <110> directions of the substrate (see sec-
tion in chapter , is first of all covered with less than 0.1 ML of Fe atoms. This is
shown in figure[6.7h were small Fe clusters are visible on the terraces of NiO. Figure[6.7p
presents a topographic image of the same surface after additional deposition of 0.2 ML
of DCPDM(bpy) molecules. Because of the low diffusion rate of DCPDM(bpy) on
NiO(001), the metal is deposited first, and only then the molecules, with the prospect
of observing the DCPDM (bpy) adsorbing directly on Fe atoms. However, in order to
slightly favour the diffusion of molecules and thus the formation of metal complexes,
the surface is annealed at 420 K while molecule’s sublimation. Even if the molecules
cannot be differentiated from the cluster atoms at large scale when comparing im-
ages and [6.7p, there is no doubt about their presence since the surface coverage
significantly increased from one image to the other. For instance, the step edges which
are barely covered in presence of Fe atoms, are almost saturated after DCPDM/(bpy)
deposition.

Figure 6.7: Successive Fe and DCPDM (bpy) depositions. a, Topograhic image
of NiO(001) covered with less than 0.1 ML Fe atoms b, Topographic image of the
same surface after additional deposition of 0.2 ML of DCPDM (bpy) molecules. Scan
parameters: a: Ay =4 nm, Af; = =9 Hz. b: Ay =4 nm, Afy = —-10 Hz

Figure[6.8h is a topographic image of a single molecule acquired at RT on a terrace of
NiO covered with Fe atoms in the first scan pass of the multipass method. Comparably
to what has been observed for non metal bounded objects, this image emphasizes that
single molecules are lying flat on the substrate also when it is functionalized with
Fe atoms. Nevertheless, because the tip/sample separation is relatively large here,
the shape of the present protrusion is attributed to tip asymmetry rather than to
submolecular contrast. However, its adsorption geometry in a cisoid conformation
is revealed in the Af; image, recorded in the second scan pass at lower tip/sample
distance (zoffset = —280 pm), shown in figure and sketched in the model of
figure [6.8¢. Even if the Fe atom is not visible in the image, and because the transoid
conformation of DCPDM(bpy) is stable even after annealing at 420 K, the observed
cisoid conformation is assigned to the formation of a metal complex (see figure
and the object imaged here is therefore related to Fe-DCPDM (bpy).
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(a) 1st Pass | (b) 2nd Pass (3] Model

Figure 6.8: Single Fe-DCPDM (bpy) molecules on NiO(001) at RT. a, Topo-
graphic image of a single supposed Fe-DCPDM (bpy) molecule adsorbed on a NiO(001)
terrace acquired in the first scanning pass of the multipass mode of AFM. b, Frequency
shift image recorded in the second scan pass on the same molecules, showing that Fe—
DCPDM/(bpy) is lying in a cisoid conformation. ¢, Model of cisoid—Fe-DCPDM (bpy)
on the surface of NiO(001). Scan parameters: Ay = 4 nm, Afi = —29 Hz,
Zoffset = —280 pm.

Nonetheless, to firmly confirm the systematic switching from the transoid conforma-
tion of DCPDM(bpy) to the cisoid form of Fe-DCPDM(bpy) through metal coordi-
nation, a more statistical study is needed. For technical reasons, such a study, where
intramolecular resolution is mandatory to state the adsorption geometry of single mol-
ecules, is difficult at RT. Indeed, it has been shown earlier that this quality of imaging
cannot be reached at large scale but only when single molecules are imaged apply-
ing the multipass technique, which is a tricky and time consuming method, especially
because molecules cannot be distinguished from Fe clusters at large scales.

6.3 On-surface synthesis on Au(111)

To improve the resolution, but also to emphasize that the switching reaction is trig-
gered by Fe coordination, the study of the adsorbtion of DCPDM(bpy) as well as the
formation of the metal complex Fe-DCPDM/(bpy) on Au(111) by low temperature
(LT) STM and AFM with a CO-terminated tip [54], is presented in this section. Even
if Fe atoms cannot be directly imaged, their primordial role is evidenced thanks to
statistical investigation by high resolution STM imaging at LT combined with X-ray
photoelectron spectroscopy (XPS) measurements.

6.3.1 Dye precursor anchoring on Au(111)

Compared to NiO(001), the Au(111) surface is prepared with comparable DCPDM (bpy)
dye precursor coverage (0.2 ML on NiO against 0.1 ML on Au). In these conditions, at
4.7 K, most of the molecules appear to lie in a transoid conformation, confirming that
DCPDM (bpy) adsorbs in the same geometry on Au(111) than on NiO(001). The struc-
ture of one of those molecules is resolved by LT STM imaging as shown in figure
and the corresponding constant—height AFM image is displayed in figure [6.9p. In the
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latter image, the phenyl rings, the carboxylic groups, as well as the methyl groups
attached to the bpy unit of the molecules, can unambiguously be identified, confirm-
ing the flat lying geometry of the molecules similarly to what is observed at RT on

NiO(001) (see model of figures and figures [6.90).
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Figure 6.9: The transoid configurations of DCPDM (bpy) imaged at LT. a,
Topographic STM image of a single DCPDM (bpy) molecule in transoid conformation
adsorbed on Au(111). b, corresponding constant height AFM image showing the same
molecule with intramolecular resolution. ¢, and d, Corresponding tentative models.
e, Topographic STM image of molecular assemblies formed by DCPDM (bpy) adsorbed
on Au(111). The prochiral character of the molecules leads to two types of structures:
a and B f, corresponding constant height AFM image showing an o assembly with

submolecular resolution and a superimposed tentative model. Scan parameters: a, e:
It =1 pA, VBIAS =—-0.15 V. b, f A =150 pm, VBIAS =0V

However, because the diffusion rate of DCPDM(bpy) on Au(111) is higher than on
NiO(001), large assemblies can be observed on the surface upon adsorption at RT
even at low coverage (~ 0.1 ML) as shown in figure [6.9. The prochiral character of
DCPDM(bpy), which has been discussed earlier and could be observe on NiO(001),
can also be evidenced on Au(111). Indeed, figure emphasises the presence of two
distinct domains formed by either a— or S~DCPDM (bpy) molecules (see figure [6.4).
Importantly, and in contrast to what is observed on NiO surfaces for higher coverages,
molecular domains do not present an alternating arrangement of both chiralities. In
other words, the gold substrate acts as a catalyst for the formation of enantiopure
supramolecular structures. Figure is a close up constant height AFM image ac-
quired on top of an « assembly overlaid with a tentative model. This figure emphasises
that the formation of the extended close—packed molecular domains is driven by the
formation of H-bonding between the carboxilic groups of adjacent enantiomers.
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6.3. On-surface synthesis on Au(111)

6.3.2 Metal complex formation on Au(111)

After the surface of Au(111) is covered with DCPDM(bpy), less than 0.1 ML of Fe
atoms are deposited onto the same surface. To trigger the formation of metal com-
plexes, the sample is annealed for 30 min at 420 K. As a result of this preparation
process, a large majority of the molecules present on the substrate adopt a cisoid ge-
ometry implying a metal coordination between the N atoms of their bpy domain and
a Fe adatom. The structure of Fe-DCPDM(bpy) is imaged by LT STM (figure [6.10h)
and constant height AFM with a CO terminated tip (figure ) The latter reveals
the cisoid conformation of the metal complex with intramolecular accuracy. Contrary
to the phenyl rings and the methyl groups of the bpy unit that can clearly be observed
in this image, the metal atom is not visible. This is, however, not suprising since it is
well known that metal atoms are generally difficult to observe by AFM while imaging
metal-ligand complexes at surfaces . Nonetheless, the fact that methyl
groups of the bpy unit appear brighter in comparison to carboxylic acid groups which
are not visible, implies that the tip is in closer vicinity to the metal binding domain
than to the anchoring groups while scanning the molecule. This, in turn, suggests that
the carboxylic groups are closer to the surface than the other parts of the molecule,
meaning that the latter is not lying completely flat on the substrate like DCPDM (bpy)
but is slightly bent. This might be explained by the fact that the Fe atom partially in-
tercalates in between the molecule and the substrate as shown in the models displayed

in figures [6.10 and [6.10d.
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Figure 6.10: The cisoid configurations of Fe-DCPDM (bpy) imaged at LT.
a, Topographic STM image of single a Fe~-DCPDM (bpy) molecule in cisoid conforma-
tion adsorbed on Au(111). b, Corresponding constant height AFM image showing the
same molecule with intramolecular resolution. ¢, and d, Corresponding tentative mod-
els. e, Topographic STM image of a molecular structure formed by Fe~-DCPDM (bpy)
adsorbed on Au(111). The achiral character of the molecules leads to only one type of
structure. f, Constant height AFM image showing an assembly of three molecules with
submolecular resolution and its corresponding tentative model. Scan parameters: a, e:

It =1 pA, VBIAS = —0.15 V b, f A =50 pm, VBIAS =0 V
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Unlike the chiral domains formed by DCPDM(bpy), the supramolecular structures
originating from Fe-DCPDM(bpy) are fully achiral (Figure [6.10). However, in the
constant height AFM image and its corresponding model displayed in figure [6.10f,
it can be seen that the emergence of this type of network is governed by the same
interaction than what is observed for DCPDM(bpy) islands, i.e. H-bonding between
the carboxylic groups of two neighbouring molecules. Consequently, even though Fe
atoms do not directly participate in intermolecular interactions, they are essential for
the formation of this type of achiral networks because they are responsible for the
upkeep of the molecules in a cisoid conformation. Conclusively, Fe coordination leads
not only to the formation of a metal complex but also to the suppression of the prochiral
character of specific molecular domains. The control of this chiral to achiral transition
at a surface might be the starting point for the future design of molecular compounds
that could be used as chiral switches in molecular electronics.

6.3.3 The role of Fe adatoms for the reaction

In the previous mentioned experiment, the conformation switch arises not only when
Fe adatoms are brought in contact with the DCPDM(bpy) molecules, but also after
annealing at 400 K to activate the transition. So, in order to attribute unambiguously
this switching to Fe coordination and not only to annealing, the reaction is further
investigated.

The conformation ratio (transoid:cisoid) in function of the sample preparation, at
0.1 ML coverage of DCPDM(bpy), is determined by statistical analysis of a set of
several STM images and is summarized in table [6.1} Upon RT deposition, almost all
DCPDMP (bpy) adsorb on the surface of Au(111) in their transoid conformation and
the conformation ratio is 91:9 (see figure [6.11). As already mentioned, Fe deposition
followed with surface annealing results in an inversion of this ratio (3:97), meaning
that a large majority of molecules are in a cisoid conformation (see figure )
In contrast, when driven exclusively by thermal annealing, only around half of mol-
ecules undergo a conformation change and the transoid:cisoid ratio becomes 52:48
(figure ). Furthermore, it is pointed by black arrows in figure that most of
the molecules that switched to a cisoid geometry are sitting on the elbows or edges of
the gold reconstruction, which are known to be reactive sites where a coupling to the
surface is possible [236]. For this reason it is expected that this transoid:cisoid ratio
can be increased for higher molecule coverage since it will lead to the saturation of
those reactive sites. In conclusion, the switching process can be facilitated or hindered
as a function of the underlying substrate. In other words, metallic surfaces are logically
playing a catalytic role for the formation of metal complexes. Table summarises
the conformation ratio as a function of the sample preparation.

To evidence the role of Fe adatoms, similar samples are prepared with higher molec-
ular coverage (close to 1 ML) and the N1s binding energies (BE) of the molecules
on Au(111) are measured by X-ray photoelectron spectroscopy (XPS) (figure [6.11}).
This allows to reveal the chemical environment of the bpy unit of the molecules and
therefore to emphasize if they are coordinated to Fe atoms. After deposition of ~ 1 ML
of DCPDM(bpy) on Au(111), the N1s BE is measured to be 398.2 eV (green curve).
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without Fe with Fe without Fe
without annealing with annealing with annealing
transoid 91% 3% 52%
cisoid 9% 97% 48%

Table 6.1: Effect of Fe and annealing on the conformation of DCPDMbpy.
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Figure 6.11: Effect of annealing and metal coordination. a—c, STM images
of 0.05 ML DCPDM/(bpy) on Au(111) adsorbed at room temperature (green), after
annealing at 400 K (red) and after annealing at 400 K and Fe deposition (blue). d,
Comparable XPS spectra of 1 ML DCPDM(bpy) deposited on Au(111) following the

same preparation processes. The shown spectra are normalized and shifted vertically
for comparison.

When complex formation is governed by Fe deposition and activated by temperature,
the N1s shifts by 1 eV towards higher energies (BE = 399.2 eV, blue curve) supporting
the expected coordination of the bpy moieties with an Fe adatom . In contrast,
upon temperature activation in absence of Fe adatoms, the N1s BE shifts only by
0.2 eV (BE = 398.4 eV, red curve). In correlation with STM images, it is thought
that this smaller shift originates from the fraction of DCPDM (bpy) molecules that
have formed complexes through metal coordination at specific sites of the Au(111)
substrate. Because there is only a limited amount of these sites, the formation of
the Au-DCPDM (bpy) is less efficient. However, the low signal-to-noise ratio, which
is due to the small amount of molecules (less than 1 ML) does not allow a proper
deconvolution of the N1s peak arising from transoid-DCPDM(bpy) and cisoid—Au—
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DCPDM (bpy).

6.4 Summary

In this chapter the first steps of an on—surface reaction, which is commonly used for the
design of p—type DSSCs was studied. In a first part, the reaction was discussed and the
involved products were described. By investigating the adsorption of the dye precursor
DCPDM (bpy) and the formation of the corresponding metal complex Fe-DCDM (bpy)
on the surface of NiO(001) and Au(111) by RT nc-AFM and LT STM/AFM, respec-
tively, it was shown that the reaction is independent from the underlying substrate. On
both surfaces, DCPDM(bpy) exhibited the clear tendency to preferentially adsorb in
a flat lying transoid conformation. However, it was evidenced that, because of higher
diffusion, the formation of large assemblies is facilitated upon deposition on a gold
surface. Indeed, whereas molecular networks were observed directly after low cover-
age DCPDM(bpy) deposition at RT on Au(111), the formation of molecular islands
took place only at higher coverage and after activation by annealing at 420 K on the
NiO(001). Furthermore, it has been observed that DCPDM(bpy) become prochiral
after deposition on a surface. As a consequence, the molecular island observed on
NiO(001) appear to be composed of molecules with alternating chiralities, while in
contrast, the domains formed on Au(111) are enantiopure. However, it is thought that
the emergence of both types of islands is governed by the formation of H-bonding
between the carboxilic groups of neighbouring molecules. In the case of NiO, it was
also shown that these interactions are responsible for the electrical coupling between
the surface and the molecular layer and a partial charge transfer of 0.26 electrons per
molecule from the first toward the second was observed. Upon contact with Fe atoms,
the molecule switched its conformation from transoid to cisoid. The structure of the so
formed molecules was observed on both surfaces with submolecular resolution. AFM
and STM measurements, as well as at RT and LT, could not clearly state the presence
of Fe atoms in this cisoid molecule. However, thanks to statistical analysis of high
resolution images combined with XPS measurements, the conformation switch could
unambiguously be attributed to metal coordination, therefore evidencing the formation
of the corresponding metal complex.
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URFACE sensitization of NiO can occur following several preparation methods,
such as molecular evaporation or on—surface synthesis, which are compatible
with imaging at the submolecular scale. However, these deposition techniques are

reserved to a restricted class of molecules. Indeed, a large majority of dyes, can neither
be sublimated nor assembled directly on surfaces because of their thermal fragility
and structural complexity. In order to overcome this limitation, it is shown here,
that NiO can be functionalized with large dye molecules via electrospray deposition
(ESD), delivering surfaces that fulfil the cleanliness requirements needed to resolve
the samples with submolecular accuracy. In a first part, the choice of the studied
molecules is discussed and their chemical structures are described. The well studied
Cgo molecules are then used as reference molecules in order to probe the reliability of
the ESD technique on a NiO surface. To finish, three different dyes are imaged by
nc—AFM and their structure is revealed with submolecular resolution.

7.1 Motivation

Since He et al. proposed the first prototypical p—type DSSCs in 1999, several studies
focused on the optimization of this type of devices [7},9,219,239]. However, it is only
during the past decade, that significant progresses have been made in terms of efficiency
by designing sensitizers that are better adapted to the function of p-type DSSCs.
Indeed, from 2008, Qin et al. imposed their prototypical dye, 4-(Bis—{4-[5—(2,2-
dicyano—vinyl)-thiophene-2-yl|-phenyl}-amino)-benzoic acid (P1) (see figure[7.)), as
a reference molecule for further investigations [217],240-243|. P1 consists in a triph-
enylamine unit linked on one side to an carboxilic acid anchoring domain and on the
other side to two malononitrile moieties. Contrary to organic dyes used for the de-
sign of n—type DSSCs, the anchoring part of the molecule is located on the HOMO
side (i.e. the electron donor part) of the molecule resulting in an electron flow from
the semiconductor towards the molecule upon light adsorption. Nonetheless, recently,
ruthenium based dyes with similar properties have been investigated and it has been
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Chapter 7. Functionalization through Spray Deposition

shown that they outperform the reference dye P1 [27]. These sensitizers, namely
the zwitterionic dye [Ru(bpy)s](H1) and the salt [Ru(bpy)s](H2)[PFg] are shown in
figure Both dyes consists in a Ru core linked to two bpy units and to a 4—(2—
phenylpyridin—4—yl)phenyl)phosphonic acid group (H1) or a (4—(2—phenylpyridin—4—
yl)phenyl)carboxylic acid group (H2), respectively. Comparing both dyes showed that
binding the sensitizer to a NiO working electrode through a phosphonic acid group
leads to improvement of the device performance and stability in comparison to the
carboxylic acid anchoring domain.

P1 Ru(bpy)z(H1) [Ru(bpy).(H2}][PF]
CN _ -
CN
s
gf_} ﬁ-R%
HOOC—Q—N _ N PRI
s 'I L0
CN 4 o i
CN

Figure 7.1: Structures of P1, Ru(bpy):(H1) and [Ru(bpy).(H2)][PFs]. All
three molecules can be used for the design of p—type DSSCs.

Although P1, Ru(bpy)2(H1) and [Ru(bpy)2(H2)][PFs] are of paramount interest in
the context of DSSCs, their structures have not been investigated up to now by the
means of any SPM technique. The main reason being probably the difficulty of prepar-
ing a sample which fulfills the cleanness requirements needed to perform nanoscale
imaging. Indeed, because of their complex chemical structures and their fragility,
these dyes, cannot be thermally evaporated onto the surface of NiO(001). Thus, the
only possibility to prepare a sample that is compatible with UHV measurements relies
on ESD. The latter method was reported to deliver clean interfaces where large or-
ganic molecules exhibit intact structures when deposited on the clean surfaces of alkali
halides or metallic samples [74}[75]. However, there are no reported studies focusing on
the functionalization of NiO using ESD so far. Therefore, the content of this chapter,
opens the path to the preparation of new interfaces, which were not accessible until
today.

7.2 C4, as a reference molecule

Until now, ESD followed by SPM imaging was exclusively performed on metallic or
alkali halide samples [74,|75/244-246]. During the past two decades, this method was
also used for the preparation of sensitized TiO5 samples. However, these interfaces were
not imaged by STM or AFM [247-250], suggesting that their preparation using ESD
results in surfaces that are not fulfilling the cleanliness requirements needed to preform
SPM imaging. Nowadays, other functionalized metal oxides, such as sensitized NiO,
prepared via ESD are not reported in the available literature. Nonetheless, because the
Buckminsterfullerene or Cgy became one of the most intensively studied molecule in the
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field of SPM since its discovery in 1985 by Kroto et al. [251], it presents an excellent
reference molecule to test the reliability of the ESD method for the preparation of
functionalized NiO samples.

The structure of Cgp is given in figure[7.2] It consists of 60 carbon atoms which are all
linked to three other atoms through one double bond and two single bonds. In that way,
all the valences of the structure are satisfied leading to a superstable molecule. Because
Ceo 1s a polygon that is composed of 12 pentagonal and 20 hexagonal faces sharing 60
vertices, it is often compared to a football with a diameter of 1 nm [251]. Considering
its structural symplicity, the adsorption of Cg, has been investigated on numerous
surfaces and submolecular contrast has been obtained at LT using STM [252-254] as
well as nc—AFM [255-257], during the past years. After sublimation, and when imaged
at RT, it has been demonstrated that Cgy molecules form 2D layers on the surface
of metals [258-260], and semiconductors, such as TiOq [165}/166] or Si [261,[262]. In
contrast, it has been observed that the same molecules form large 3D molecular islands
and clusters when deposited on the surface of insulators [232,[263-271]. Under certain
conditions, when the substrate presents enough reactive sites, Cgo can also adsorb
as single molecule. This has, for instance, been observed on the surface of several
Si reconstructions [272-274]. In addition, it has also been demonstrated that Cgg
molecules are good candidates for spray deposition methods [244}275]276].

Figure 7.2: Chemical structure of Cgy. Because of its simplicity and stability, the
Buckminsterfullerene molecule is one of the most studied in the field of SPM.

However, despite the considerable amount of studies dedicated to the investigation of
Ceo by SPM methods, the metal oxide NiO(001) has, so far, never been functionalized
with any fullerene molecules, neither through sublimation, nor via spray deposition.
Consequently we present here a comparison of both preparation methods in order to
show the reliability of the ESD technique.

Figure presents a large scale topographic image of the surface of NiO(001)
functionalized with Cgy molecules via sublimation. Large 2D molecular islands, which
present irregular shapes, and are various sizes, comparably to what has been observed
earlier on the surface of TiOy [165], are visible on terraces of the substrate. Even
though these islands are varying in width, they exhibit a constant height of one layer
of molecules. Figure shows a close up topographic image acquired above one of
those molecular domains. Interestingly the height of the island is measured to be about
300 pm instead of 1 nm as theoretically expected. This was attributed to the fact that
the surface charges were compensated only locally, instead of measuring in a KPFM
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mode, which can strongly affect the measured height of molecular domains. However,
because the size of the observed protrusions (~ 1 nm) is fitting with the diameter
of Cgg and because a hexagonal packing of the molecules is observed, the islands can
unambiguously be attributed to Cgy domains.
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Figure 7.3: Comparison between sublimation and spray deposition for the
functionalization of NiO(001) with Cg, molecules. a, Large scale topographic
image of Cgo molecules adsorbed on the surface of NiO(001) after sublimation. b,
Close up topographic image of the same surface showing an 2D island formed by the
Ceo molecules. ¢, Large scale topographic image of Cgy molecules adsorbed on the
surface of NiO(001) after spray deposition. d, Close up topographic image of the same
surface showing a single Cgy molecule. Scan parameters: a: Ay =8 nm, Af; = —5 Hz.
b: Ay =8 nm, Afy = =12 Hz. ¢: Ay = 4 nm, Afy = —15 Hz. d: Ay =5 nm,

Comparably to figure[7.3h, the large scale topographic image displayed in figure
shows the surface of NiO(001) covered with Cgp molecules, except that the latter where
deposited via ESD instead of evaporation. Obviously, the surface presented here, ex-
hibits a different morphology compared to the sample described above, demonstrating
that different preparation methods can lead to different interfaces. Indeed, whereas
molecular domains are formed after the molecules are sublimated onto the surface of
NiO(001), the spray deposition method results in a surface covered with single mole-
cules. This can be seen in figure where numerous protrusions, whose size is fitting
to diameter of Cgp, are observed. In addition, the prevalence of noise lines, highlight-
ing the slight instability of the scanning conditions, suggests the presence of remaining
solvent molecules. However, because these undesirable molecules have a size that is
smaller than the diameter of Cgy (100 pm for MeOH and 600 pm for toluene), they
can be clearly distinguished from each other. Consequently, because of its measured
diameter of ~ 1 nm, the protrusion visible in figure is attributed to a single Cg
molecule. Furthermore, this is also confirmed by the fact that the height of the present
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object is measured to be the same as the height of the molecular domain formed by
fullerene molecules and displayed in figure [7.3p.

The most plausible argument to explain the interface morphology dissemblance when
using different preparation methods, is the possibly increased amount of defects when
ESD is employed. This is supported by a recent work, where it has been observed
that large craters can be formed through bombardment of the surface with molecules,
solvent or even unpumped droplets, during ESD [277]. However, even though large
defects are not observed in this case, one can reasonably assume that ESD can also
induce smaller defects that are acting as trapping sites for the molecules [164}194} 202
208], leading to a surface where single Cgo can be observed.

Consequently, even though it was demonstrated in this section that ESD can be
used on NiO(001) for the preparation of clean sensitized surfaces, this method also
appears to be relatively invasive. Thus, it results in interfaces that present a different
morphology than what is observed after molecule sublimation.

7.3 Complex dye molecules imaging

In this section, ESD is used as an experimental method for the deposition of large dye
molecules which are not compatible with sublimation or cannot be assembled directly
on surfaces. It is shown that ESD of these molecules results in samples that are clean
enough to be imaged by the means of nc-AFM under UHV conditions. However, the
difficulty of imaging single molecules with complex structures as well as the limitation
of the deposition method are also addressed.

7.3.1 The reference P1 dye molecule

In a first experiment, the reference molecules P1 are deposited via ESD onto a clean
surface of NiO(001). The large scale topographic image of figure[7.4h shows a NiO(001)
surface after spray deposition of P1 molecules. This sample exhibits large terraces
separated by monoatomic step edges, demonstrating that ESD delivers surfaces with
comparable cleanliness to samples prepared via molecule sublimation, even in the case
of a metal oxide. In this image it can also be seen that P1 adsorbed preferentially at
step edges. Few molecules are also visible on terraces. Larger adsorbates are related
to molecular clusters (red arrows), whereas the regular size (~ 2 nm) of the smaller
objects (green arrows), which is fitting with the expected size of P1, indicates the
presence of single molecules. In addition, since ESD was proven to not damage the
structure of complex molecules [75], the further residues that exhibit an even smaller
size compared to the P1 dye (blue arrows) are attributed to solvent molecules (MeOH
has an expected width of roughly 100 pm and toluene is about 600 pm). However,
the stable and well defined image shown in figure [7.4h, indicates that these remaining
traces of solvent do not disturb the imaging.

Figure and show a single P1 molecule imaged in the first and second pass
of the multipass method, respectively. From the height of the molecule (~ 200 pm)
measured in the topographic signal, it can be deduced that P1 adsorbs in a more
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Figure 7.4: The reference dye molecule P1. a, Large scale topographic image
of P1 molecules adsorbed on the surface of NiO(001) b, Close up topographic signal
acquired using the multipass scanning mode of AFM. The single molecule is imaged in
the first scan pass. ¢, Frequency shift image recorded in the second scan pass on the
same molecules, showing the symmetric shape of P1. d, Corresponding tentative model.
e, Different P1 molecule imaged in the topographic mode. f, Simultaneously acquired
torsional signal emphasizing the symmetrical shape of P1. Different P1 molecule im-
aged in the topographic mode. g, Corresponding tentative model. Scan parameters:a:
Ay =400 pm, Afs = =25 Hz. b, c: Ay = 800 pm, Afs = =28 Hz, zoffset = —300 pm.
e, fr Ay =400 pm, Argr = 80 pm, Afs = —38 Hz.

or less flat lying geometry on the surface NiO(001). The heterogeneous contrast of
the frequency shift signal recorded in the second line scan while applying an offset
of —300 pm gives a better insight of the structure of the molecule. Indeed, even if
the structure cannot be resolved unambiguously, it can be seen that the object im-
aged here exhibits an axial symmetry that is oriented along the white dotted line of
figure . This symmetry, which can be directly related to the shape of P1, is trans-
lated into a brighter spot (white full arrow) surrounded by two equally distributed
darker lobes (white dotted arrows). The latter are related to the triphenylamine unit
and the malononitrile moieties of the molecule, respectively, as shown in the tentative
model displayed in figure [7.4d. The last darker unit that is located in line with the
white full arrow, is associated to the carboxilic acid anchoring domain of P1. Fur-
thermore, imaging a second molecule in another scanning mode confirms the expected
symmetric shape of the dye. As for figure [T.4p, the topographic image presented in
figure [7.4k indicates the flat lying adsorption of P1. The corresponding torsional signal
(figure ) recorded simultaneously, emphasizes the axial symmetry of the molecule
(white dotted line). In this image three distinct lobes that are increasing in size from
left to right can be related to the different parts of the molecule (see tentative model of
figure ) However, neither the multipass method, nor torsional AFM mode, allow
to resolve clearly the structure of the molecule. This is probably due to the flexibil-
ity of the side groups of P1 and therefore to a non fully planar adsorption geometry,
but also to the fact that the measurements are performed at RT, leading to scanning
instabilities which translate into noise lines that are visible in all the close up images.
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7.3.2 The prototypical Ruthenium dyes

In a second experiment, ESD is used to study the adsorption of the prototypical dyes
Ru(bpy)2(H1) and [Ru(bpy)q](H2)[PFs], which were recently used for the fabrication
of DSSCs devices [27], on the surface of NiO(001).

Figure shows a large scale topographic image of NiO(001) covered with
Ru(bpy)2(H1). This image reveals the preferential tendency of the sensitizers to adsorb
as single molecules on reactive sites such as step edges and line defects. The surface
coverage is measured to be ~ 0.08 ML. In addition, the pretty regular size of the adsor-
bates, which is fitting with the expected width of Ru(bpy)s(H1) (~ 1.5 nm), strongly
suggests the absence of solvent molecules, resulting in more stable imaging conditions
in comparison to P1. The close up topographic image displayed in figure presents
a single molecule imaged in the first line scan of the multipass technique. When im-
aged in the second scanning pass while reducing the tip/sample distance by —600 pm,
the structure of Ru(bpy)2(H1) is revealed (figure [7.5k). Because of its 3D geometry
(see figure ), it is hard to state concerning the exact adsorption of the molecule.
However, in the frequency shift image, one clearly distinguishes the presence of several
carbon rings, as pointed by the white arrow in figure [7.5k, which can be related to the
structure of the molecule.

Figure 7.5: The zwitterionic dye Ru(bpy)2(H1) adsorbed on NiO. a, Large
scale topographic image of [Ru(bpy)a/(H1) molecules adsorbed on the surface of
NiO(001). b, Close up topographic signal acquired in the first scanning pass of the mul-
tipass technique showing a single [Ru(bpy)s/(H1). ¢, Frequency shift image recorded in
the second scan line on the same molecules while applying an offset of —600 pm, par-
tially resolving the structure of [Ru(bpy)e/(H1). d, Model of a single [Ru(bpy)s](H1)
revealing the 3D adsorption geometry of the dye. Scan parameters: a: A; = 4 nm,
Afy = =27 Hz. b—c: Ay =4 nm, Afi = =13 Hz, Zo555ee = —600 pm.

Figure shows a large scale topographic image of NiO(001) after spray deposition
of a solution of [Ru(bpy)2(H2)][PFs]. The main difference between this dye solution and
the one containing Ru(bpy)2(H1), is the presence of [PFg]~ anions. However, because
of their small size (~ 350 pm), which lies in the same range than the size of the solvent
molecules, it can reasonably be assumed that they are pumped during deposition and
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that they are therefore not present on the surface of NiO(001) at the end of the process.
This hypothesis is also supported by the stable scanning conditions of image[7.6h, where
no noise lines are observed. Thus, in the following, [Ru(bpy)2(H2)][PFg] refers the dye
solution before deposition and Ru(bpy)2(H2) stand for the dye molecules once they
are deposited on the surface of NiO(001). So, after deposition, the main difference
between both interfaces is actually the anchoring group of the dye (phosphonic acid in
the case of Ru(bpy)2(H1) and carboxylic acid in the case of Ru(bpy)z](H2)).

1nm

1nm

Figure 7.6: Ru(bpy)2(H2) adsorbed on NiO. a, Large scale topographic image of
Ru(bpy)s (H2) molecules adsorbed on the surface of NiO(001). b, Close up topographic
signal acquired in the first scanning pass of the multipass technique showing a single
Ru(bpy)2(H2). ¢, Frequency shift image recorded in the second scan line on the same
molecules while applying an offset of —750 pm, partially resolving the structure of
Ru(bpy)s (H2). d, Model of a single Ru(bpy)s (H2) molecule revealing the 3D adsorption
geometry of the dye. Scan parameters: a: Ay = 4 nm, Afy = =30 Hz. b—c: A; =
4 nm, Afi = =35 Hz, Zoffset = —750 pm.

Obviously, the coverage of figure is drastically increased compared to figure
(~ 0.30 ML against ~ 0.08 ML), even if the concentration of the solution containing
Ru(bpy)2(H1) was higher than for [Ru(bpy)2(H2)|[PF¢] (~ 0.5-107* M against ~
0.3-107* M) and also the deposition time was longer for the first dye (30 min against
10 min). Thus, this coverage difference is mainly attributed to the fact that both
samples were prepared in different systems where the entry of the spray was positioned
70 cm away from the sample in case of Ru(bpy)qs(H1) whereas it was placed at 40 cm
for [Ru(bpy)a2(H2)][PFg]. Also, it has been observed during both deposition processes
that the spray stream was interrupted from time to time and needed to be adjusted
by tuning the deposition parameters (see section , limiting the reproducibility of
this specific deposition technique. However, both surfaces present some similarities.
Like Ru(bpy)2(H1), Ru(bpy)2(H2) exhibits the tendency to preferentially adsorb on
defects or step edges. The size of the protrusions are also lying in the same range in
both cases, highlighting, here too, the presence of single molecules. One of these single
molecules is imaged by the means of the multipass technique and the topographic
signal acquired in the first scan line is shown in figure whereas the frequency shift
image recorded in the second scanning pass as the tip sample distance is reduced by
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—750 pm, is displayed in figure . As Ru(bpy)a(H1), the exact adsorption geometry
of the dye is difficult to resolve because of its 3D structure (see tentative model of
figure [7.611).

In conclusion, comparing both large scale images as well as the close up images
acquired using the multipass technique after deposition of both dyes, suggests a com-
parable adsorption behaviour for Ru(bpy)2(H1) and Ru(bpy)2(H2). In other words,
the nature of the anchoring group does not play a crucial role for the bounding of the
dye molecule to the substrate, as they are deposited under UHV conditions. However,
knowing that ESD is a relatively invasive technique as demonstrated in section[7.2] the
latter hypothesis has to be treated carefully. In order to make firm conclusions con-
cerning this point, the experiment should be repeated using a less invasive deposition
method, such as sublimation, which is, however, not possible in the case of this kind
of complex dye molecules. In addition, the present experiments highlighted another
limitation of the ESD method, namely that reproducibility of the process is restricted.
Furthermore, it has also been demonstrated that the chosen molecules do not present
the ideal morphology to be imaged via SPM techniques with intramolecular resolu-
tion. Certainly, selecting molecules with more planar shapes instead of pronounced
3D structure would lead to an enhancement of the resolution when imaged using the
multipass method.

7.4 Summary

In this chapter the adsorption of several molecules on the surface of NiO(001) after
sample preparation via ESD was studied by nc-AFM. In a first part, the motivation
concerning the choice of these molecules was discussed and their chemical structures
were described. The second part of this chapter was dedicated to the testing of the
reliability of ESD using the well investigated Cgy molecules. Comparing two deposition
methods, namely sublimation and ESD, it was shown that the latter is a relatively
invasive technique in comparison to thermal evaporation. This results in the creation
of defects that are acting as anchoring sites for the molecules. To finish, the last part
of the chapter was devoted to the imaging of three different dye molecules that can
be used for the design of p—type DSSCs, delivering promising efficiency values. First
the reference dye P1 was deposited on the surface of NiO(001) and the symmetric
character of its chemical structure was revealed as well by multipass scanning as by
multimodal AFM using the torsional mode. Then it was illustrated, using two different
ruthenium based dyes that even though their structure could be resolved partially, nc—
AFM in general, and the multipass technique in particular, is complicated to apply
to molecules presenting a pronounced 3D geometry. Therefore, when the main goal
of the study is high resolution imaging, the usage of ESD techniques is recommended
for more planar molecules in order to be able to resolve unambiguously their structure
and adsorption geometry. However, from the experiments, it could be deduced that
the nature of the anchoring group (phosponic— or carboxylic acid) has a negligible
influence on the adsorption geometry of the molecules. Yet, considering that ESD is
a relatively invasive technique, which can create anchoring sites, this argument has to
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be treated carefully.
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VEN if NiO has been demonstrated to be a fascinating material, in particular
because it can be used for the design of prototypical p—type DSSCs with the
prospect of building efficient tandem solar cells in a near future [8,9], its in-

terface with other materials has extremely rarely been studied by SPM techniques.
Apart from this thesis and its resulting publications [52,/53}|161], only one paper in the
literature reports SPM analysis of the functionalization of a NiO(001) surface with mol-
ecules [176]. Therefore, this work has been dedicated to the filling of this information
gap.

First of all, in chapter [4] the surface of NiO(001) has been investigated by nc—AFM.
It has been shown that atomically flat and clean surfaces can be obtained after in situ
cleavage. However, depending on the crystal batch, two types of surfaces have been
reported. While the first was exhibiting curvy steps, the second was showing straight
edges that were oriented along the <110> directions. However, a constant step height
of ~ 210 pm has been observed and atomic resolution could be reached using three
different scanning modes. The line defects present on the surface of NiO(001) and
oriented along the <110> directions have also been studied in detail. However, even
if the defects could be resolved with atomic accuracy, they remain complicated to
interpret and their composition is still unclear. In addition, it has been shown that
the length but also the number of these defects are temperature dependent.

After the surface of NiO(001) has been characterized, it has been functionalized with
several molecules using different sensitization techniques.

In chapter[p] two standard dye molecules, Cu-TCPP and C343, which can be used in
n— and p—type DSSCs [7,)21,[218]219], have both been evaporated on atomically clean
NiO(001) surfaces. The adsorption of both dyes have then been compared using nc—
AFM. It has been revealed by high resolution imaging that both dyes form molecular
islands, where the molecules are lying flat on the surface of the metal oxide. Different
types of islands with distinct lattice parameters have been observed. Tentative models
reproducing the different mesh motifs have been established with the prospect of relat-
ing experimental and model parameters. It has been shown, that because of it smaller
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size, C343 appears to form islands with a higher molecular density than Cu—-TCPP.
Comparing the topographic data to the KPFM images, it has been demonstrated that,
the work function is decreased above Cu—TCPP islands compared to the bare surface
of NiO(001), whereas it is increased on top of C343 assemblies, implying that the
charge transfer occurs in opposite direction. Which is expected when a n-type and a
p-type dye are adsorbed on the same metal oxide surface. The values of these charge
transfers have also been calculated resulting in the fact that C343 appears to be less
efficient than Cu—TCPP in terms of charge injection (0.16 against 0.06 e~ /nm?). Con-
sequently, it has been stated that for the design of optimized p—type DSSC devices, the
development of dyes combining the charge transfer efficiency of Cu-TCPP and p-type
character of C343 is required.

In practice, the method termed as SALSAC (surface-as—ligand surface—as—complex)
[226] has been introduced in order to design more efficient dye molecules. This tech-
nique, where the dyes are assembled directly on the surface of the metal oxide [227-229],
is an alternative to evaporation for the functionalization of NiO(001). Therefore, in
chapter [0} the first steps of this on-surface reaction has been discussed and studied.
The adsorption of the dye precursor DCPDM (bpy) as well as the formation of its cor-
responding metal complex Fe-DCDM (bpy) have been investigated on the surface of
NiO(001) and Au(111) via RT nc-AFM and LT STM/AFM, respectively. Resulting
in the fact that the reaction has been proven to be independent from the underlying
substrate. Thanks to high resolution imaging, it has also been shown on both surfaces
that DCPDM (bpy) exhibits the clear tendency to preferentially adsorb in a flat lying
transoid conformation. However, because of increased diffusion on gold, the formation
of large assemblies has been proven to be facilitated on this specific surface. Indeed,
whereas molecular networks are observed directly after low coverage DCPDM(bpy)
deposition at RT on Au(111), the formation of molecular islands on NiO(001) takes
place only at higher coverage and after activation by annealing at 420 K. Furthermore,
since DCPDM(bpy) becomes prochiral after confinement in 2D, the molecular islands
that have been observed on NiO(001) appear to be composed of molecules with alter-
nating chiralities, whereas, the domains formed on Au(111) are enantiopure. However,
it has been demonstrated that the emergence of both types of islands is governed by
the formation of H-bonding between the carboxilic groups of neighbouring molecules.
In the case of NiO, it has also been observed by KPFM that this interactions result in
an electrical coupling between the surface and the molecular layer. A partial charge
transfer of 0.26 e~ per molecule directed from the surface towards the molecular island
has been determined. In consequence, when calculated as a function of active surface,
DCPDM (bpy) appears to be almost two times more efficient in terms of charge injec-
tion than C343 (0.11 e~ /nm? against 0.06 e~ /nm?) even if it is not a complete dye
but only a precursor. When in contact with Fe atoms, it has been observed on both
surfaces that the molecule switches from a transoid to a cisoid conformation. Even if
Fe atoms have not been directly observed neither by AFM nor by STM, as well at RT
as LT, statistical analysis of high resolution images combined to XPS measurements
have demonstrated that this conformation change can unambiguously be attributed to
metal coordination, evidencing the formation of the corresponding metal complex.

The last strategy for the sensitization of NiO(001), electrospray deposition, has been
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investigated in chapter [7] First of all, the reliability of this method has been tested
using the well studied Cgy molecules [251] as reference molecules. Comparing two
preparation techniques, i.e. thermal evaporation and ESD, it has been demonstrated
that the latter is a relatively invasive technique which gives access to interfaces that
cannot be obtained in different conditions. Indeed, when sublimated on the surface of
NiO(001), the Cgp form 2D molecular domains, whereas they adsorb as single molecules
when the sample is prepared via the ESD method. This has been attributed to the fact
that spray can possibly create small defects on the surface of NiO(001) which act as
anchoring sites for molecules. To finish, the adsorption of three different organic dye
molecules, that have been previously implemented in the fabrication of efficient p—type
DSSCs devices [27},217,1240/-243], have been studied by nc-AFM after sample prepa-
ration via ESD. Because of their complex structures and fragility, P1, Ru(bpy)(H1)
and Ru(bpy)2(H2) could not be prepared using thermal evaporation. After deposition
on NiO(001), it has been observed that all three dyes appear as single molecules, sug-
gesting that the nature of the anchoring group does not play a significant role on the
adsorption of the dye when deposited via ESD. In addition, the molecules have been
resolved with submolecular resolution applying several scanning modes. However, the
non—planar geometries of these dyes makes it difficult to operate nc-AFM. Therefore,
in the light of these results, and if the main aim of the experiment is to resolve the
structures of the molecules, the use of ESD is recommended for the examination of
compound with less pronounced 3D structures.

In conclusion, the adsorption of eight different molecules on the surface of NiO(001)
have been explored in this work, giving a solid basis to further studies involving the
functionalization of this specific metal oxide. It has been shown that several prepara-
tion techniques, including sublimation, on—surface synthesis as well as electro spray de-
position, are compatible with the cleanliness requirements of nc-AFM measurements,
allowing to resolve the structure of several molecules with submolecular accuracy. How-
ever, since the main point of studying sensitized surfaces is to gain information about
their working mechanism at the nanoscale, with the prospect of building efficient de-
vices, further comprehensive studies are required. Indeed, only basic investigations
concerning the adsorption of molecules have been conducted so far. To get a bet-
ter overview of the performance of such a system, further investigations should be
performed, for example, under illumination. In this way, the optical activities of the
different dye molecules as well as their adsorption bandwidth or injection efficiencies
could be determined.
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