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ABSTRACT

The discovery of new and novel materials, process and phenomena at the nanoscale,
as well as the new experimental and theoretical methods provide opportunities for the
development of innovative nanosystems. Nature shows how builds macroscopic objects
from small molecular building blocks with defined shapes, properties, high order and
degree of structural control in atomic scale materials. Under this evidence, nowadays is
possible to assemble any kind of device or functional system, ranging from functional
surfaces materials. This attractive concept is presented to profit from the order of the
arrangement of molecules or inorganic surfaces in well-ordered patterns to interlink the
molecular or building block to other macro-systems in a bottom-up strategy.

The present work lies within the scope of the mechanical and electrical charac-
terization of functional surfaces, organics and inorganics, at the nanoscale by using
the Scanning Force Microscopy (SFM) with their modes Friction Force Microscopy
(FFM), Conductive Scanning Force Microscopy (C-SFM) and Kelvin Probe Force
Microcopy (KPFM) which comprises of 7 chapters. Chapter 2 introduces the funda-
mental description about the technique, instrumentation and components for the data
acquisition. A description of the main operation modes and the forces that can be
measured is presented. The first experimental part of this work describes the sample
preparation, protocols and strategies to obtain layers or multilayers of a m-conjugated
organic aromatic thiol anchored on a gold surface.

Chapter 3 describes the morphological characterization of Self Assembled Mono-
layers of the aromatic thiol mercapto-methyl terphenyl carboxylic acid (MMTA) for
solutions using different solvents, concentrations and their influence on the molecular
packing. We show how to control the self-assembly and the formation of 3D structures
from the aromatic thiol adsorbed on Au(111) and patterned gold surfaces by means of
microcontact-printing (uCP). Moreover, we present how to control the size of the 3D

structures by using a thermal treatment.



The chapter 4 describes the tribological studies mainly on low and tall islands
obtained by using different solvents after annealing. Chapter 5 shows the electronic
transport measurements carried out on the MMTA molecular films obtained with or
without annealing. Complementary studies of KPFM (Kelvin Probe Force Microscopy)
were mainly performed at low relative humidity over these surfaces.

Chapter 6 is devoted to study the inorganic surface of complex oxides type perov-
skite, case STO(001), as a functional surface model by exploding the presence of both
TiO2 and SrO chemical terminations. It is known that both terminations are presents
in a random distribution in as-received surfaces, however under annealing chemical
segregation can appear. We show that SrTiOs surfaces can be used as a versatile
template for growing ordered organic and inorganic nanostructures.

Finally in chapter 7 we will present the characterization of the MMTA films after
annealing by means of the PM-IRRAS technique. A first attempt of selective growth
with dinuclear copper(II) acetate complexes (Cug(CH3COO)402H20) on the MMTA
islands is studied by SFM. This chapter gives an outlook for the future implication of

the selective growth on differentiate chemical terminations.
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RESUMEN

El descubrimiento de nuevos y novedosos materiales, procesos y fenédmenos a escala
manomeétrica, asi como los nuevos métodos experimentales y tedricos proveen
oportunidades para el desarrollo de sistemas innovadores a esa escala. La naturaleza
muestra como construye objetos macroscdpicos desde unidades bdsicas con formas
definidas, propiedades, orden y control estructural en materiales. Este concepto es
utilizado para la construccidon de macro-sistemas, organicos e inorganicos, desde una
estrategia “bottom-up”.

El trabajo de la tesis se ha centrado en el estudio experimental de sistemas modelo muy
diferenciados (uno orgdnico y otro inorganico): i) peliculas autoorganizadas (self-
assembled monolayers, SAMs) de organosulfuros sobre Au(111), en concreto (CyoH1605S,
mercaptomethyl therphenyl carboxylic acid, MMTA) vy ii) substratos o&xidos tipo
perovskita, en concreto SrTiOs (STO). La técnica que se ha utilizado es la microscopia de
fuerzas de barrido (Scanning Force Microscopy, SFM) tambien llamado microscopio de
fuerzas atémicas (Atomic Force Microscopy, AFM) con el fin de obtener informacion
sobre las propiedades estructurales, mecanicas y electrénicas (transporte vy
electrostdticas) de estas superficies y establecer correlaciones entre las propiedades y la
funcionalidad. El presente trabajo consta de 7 capitulos, los primeros 5 capitulos
describen la completa caracterizacion del sistema pi-conjugado MMTA. Una
introduccion a la técnica SFM en sus diversos modos de uso, preparacion de substratos,
soluciones y procesos termicos involucrados para observar posibles cambios
morfélogicos son abordados en el capitulo 2.

El capitulos 3 de la tesis describe el trabajo realizado desde la preparacion de las capas
hasta su caracterizacion. Para poder estudiar la influencia de los solventes en la
estructura y propiedades de las superficies, se ha utilizano toda una serie de protocolos
en los que se han variado todos los parametros involucrados en la preparacion:
solventes (etanol (EtOH, 99.8%), acido acético (AA, 99%), tetrahydrofuran (THF) y acido
trifluroacético (TFA, 99%)), concentraciones (de 1 uM hasta 1 mM) y tratamientos
térmicos (25°C y 120°C y post-annealing). También se incluye en la tesis la
funcionalizacién confinada lateralmente de superficies de oro con MMTA utilizando la
técnica de microcontact printing (u-CP) con sellos de Poly(dimethylsiloxane) PDMS
impregnados en la concentracion éptima de la solucién molecular. Un arduo trabajo de
pruebas han llevado a concluir la metodologia adecuada para obtener peliculas de una o
dos alturas, cuya terminacién consecuentemente es diferente (COOH o SH)
proporcionando diferente respuesta tanto en propiedades triboldgicas (friccion) como
en propiedades electrénicas (corriente y potencial de superficie), cuyos resultados son
presentados en los capitulos 4 y 5. Algunas de las novedades mas resaltables implican la



diferenciacién y establecimiento de la transicién ente mecanismos de transporte (e.g.
tunel coherente a bajos voltajes y Fowler-Nordheim a mayores campos) a través de las
peliculas y en funcidn del espesor de la pelicula y de la fuerza aplicada.

El capitulo 6 esta dedicado al segundo sistema modelo, el dxido tipo perovskita STO, es
el substrato por excelencia para el crecimiento de o6xidos complejos. La estructura
cristalina de estos 6xidos, con férmula general ABOs; contiene planos alternados de
composiciones atdmicas AO (A=Sr) y BO, (B=Ti) de tal manera que las superficies (001)
pueden tener esas dos posibles terminaciones quimicas. Durante la tesis se ha puesto en
evidencia que la terminacién de la superficie (dependiente del modo de obtencion) es
determinante, por ejemplo, en la secuencia de empaquetamiento de peliculas
depositadas o en la reactividad de la propia superficie. Como principal conclusién que
obtener superficies SrO(001) y TiO,(001) bien caracterizadas es de gran importancia. En
coordinacion con el grupo del Prof. Fontcuberta se ha demostrado que, variando las
condiciones de tratamientos térmicos (temperatura y tiempo de calentamiento) a que
se someten los cristales, se puede controlar la coexistencia y separacidn espacial de las
dos terminaciones en la misma superficie, obteniendo patrones quimicos a escala
nanométrica. Y, en particular ha permitido el crecimiento selectivo tanto de peliculas
delgadas de oxidos funcionales como para la obtencién de materiales hibridos
organico/inorganico mediante la adsorcidon selectiva de monocapas organicas
autoensambladas. Por ultimo, la técnica PM-IRRAS fue empleada para la caracterizacion
de la pelicula molecular MMTA obtenida con tratamiento térmico y lineas abiertas de
trabajo de investigacién para futuros estudios de crecimiento selectivo usando metal-
organicos (dinuclear copper (Il) acetate complexes (Cu,(CH3CO0), 2H20)) son expuestos
en el capitulo 7.

El trabajo presentado en esta tesis doctoral evidencia que la estrategia combinada de
diferentes modos de microscopia de fuerzas de barrido (Scanning Force Microscopy,
SFM) en condiciones de ambiente controladas es la adecuada para, tanto para SAMs
como substratos de STO, determinar las caracteristicas superficiales a nivel de estructura
molecular y morfologia con gran precisién y obtener, simultdneamente, la informacién a
escala nanométrica de las propiedades triboldgicas (estabilidad mecanica, friccion) y
electrénicas (transporte, potencial de superficie) de las superficies modelo bajo estudio.
De tal modo, como novedad a destacar en conjunto, se ha establecido la correlacidn
entre las caracteristicas estructurales y las propiedades de las superficies en el marco
del transporte electrénico (C-SFM) para diferentes morfologias dependiendo del método
de obtencién, y de cémo la terminacion superficial modifica los potenciales de contacto

|Il

superficiales de los substratos de partida (Au en el caso de SAMs y el “as-received” STO),

mediante Kelvin Probe Force Microscopy (KPFM).
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“Happiness is not doing what you want, but wanting what you do.”

— Jean-Paul Sartre
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SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours. Topographic (a, b, ¢) images show holes
on the bilayer. A closer inspection on the scanned area shows brighter
spots next to or inside the holes. Topographic profiles along the lines
in (b, c¢) are shown in insets. Some hole areas have been numbered and

marked with dashed linesin (a, b). ....... ... . .. . . i

SFM images of Au(111) on glass after immersing in a 100xM THF solution

of MMTA for 30 minutes and after annealing at 126°C for 15 hours. . . . ..

SFM images showing the Au(111) on mica surface after immersing in a
100puM THF solution of MMTA for 30 minutes. Topographic image before
(a) and after (b) annealing process. Topographic profiles in (c) were taken
along the lines in (a) and (b) with two different colors. A RMS roughness
value prior to and after annealing was measured within regions marked

with yellow dashed line. . . . ... ... . ... . . . . . . . .

SFM images of Au(111) on mica after immersing in a 100uM THF solution

of MMTA for 16 hours and after annealing at 120°C for 16 hours........

SFM topographic images of Au(111) on mica after immersing in a 100uM
acetic acid solution of MMTA for 30 minutes and after annealing at 100°C

for 16 hours. . . . . oo e,

SFM topographic images showing the Au(111) on mica after immersing in
a 100uM acetic acid solution of MMTA for 30 minutes and after annealing
at 100°C for 16 hours. Topographic images (a, ¢) show the heights of low
and tall islands and (b) profile taken along the line in (a). The scratched
area in (a) allowed obtaining the bare gold as reference. Simultaneous
profiles taken along the lines in (¢, d) correlate the morphology and the

friction on the low islands. . . .. ... .. . . .

Topographic(a) and friction(c) images are shown. Horizontal profile (b)
taken along the line in (a, ¢) shows the height of low islands and compares
with friction signal in (c). The vertical profile (d) taken along the line in
(a, ¢) correlates the height of the islands and the friction signal. Adhesion

force:-4nN; applied force:2nN at RH < 5%. ......... .. ...
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3.32

3.33

3.34

3.35

3.36

3.37

3.38

Topography (a, d, g) and friction (b, e, h) images recorded while a bias
voltage to the tip is applied. Measurements performed with a conductive
tip (k=0.2 N-m~!) by applying a voltage ramp until 180mV with steps of

20mV .

Cross-sectional friction profile (a) along the lines showed in figure (3.31)
with/without applying low bias voltages. The higher value of friction
correlates with the bare gold surface. Only few millivolts can be measured
between tall and low islands. (b) Simultaneous topographic profiles on
the same islands were taken on recorded images from zero to 180mV bias

VOIbAEES. « o ot

(a) Force vs. displacement curves on a freshly cleaved mica surface and
on the as-received Ti-TNb-6Al sample surface. An equal displacement
of the z-piezo results in a smaller cantilever deflection on the titanium
alloy surface compared to the mica surface due to elastic indentation. (b)

Indentation vs. applied force curve calculated from the curves in (a). .. ..

(a) Force versus displacement curves on the MMTA islands on Au(111).
The image in (b) was obtained by zooming in the marked area with dashed
blue line in (a). Inset in (b) shows more detailed ranges in the force vs.
displacement curve for the low islands. (c) shows the force vs. displacement
curve recorded on tall islands. Force vs. displacement curves in red line

correspond to the gold substrate as the hard surface reference. .........

SFM topography image (a), Fn(X, z) image and their three-Dimensional
representation obtained from 3D modes (b, c), respectively. Bottom panel
(d) represents the indentation curves for the numbered low islands taken
along the vertical lines in (b). The dashed line X in (a) shows the place

where the feedback is disable to start the 3D acquisition...............

[ustration of tall (bilayer) and low MMTA islands on Au(111). REF A
and REF B are positions where the contaminant layers have been removed

and the molecular assembling has been tilted.. . .....................

Indentation versus applied force panels for low islands after annealing
treatment. Blue dashed lines represent the profiles taken on the low is-
lands of the F,=(X, z) image (filtered to enhance details), green lines
on tall islands and the yellow line represents the force distance curve

measurement on the bare gold substrate as hard surface reference. ... ...

SFM images of Au(111) on mica after immersing in 100uM acetic acid
solution of MMTA for 18 hours and after annealing at (110+ 5)°C for 18
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3.39

3.40

3.41

3.42

3.43

3.44

3.45

3.46

3.47

Top row: SFM topographic images (a, b, ¢) of low and tall islands of
MMTA on Au(111). An average height of 1.38+£0.02nm was measured for
low islands in the zone marked with yellow and red dashed lines in (a,
b). Flat area (~ 50x50 nm?) on the tall island is marked with a blue
rectangular box in dashed line in (b). (d) Bottom row: numbered profiles
on tall islands reveal the corresponding heights for low and tall islands

(1) and inhomogeneous on topmost surface of tall islands (2, 3 and 4). . ..

High resolution lateral force image (a) acquired on the topmost of the
surface of a tall island. (b) A stripes periodicity of 1.154+0.lnm was
measured along the line in (a). A unit cell length can be deduced from
(b) with dimension a=1.1540.1 nm of the (2v/3 x v/3)R30° structure.

2D-FFT image (c) was obtained from the whole image in (a). ..........

SFM images of Au(111) on glass after immersing in a 100uM ethanolic
solution of MMTA for 20 hours and forwards a thermal treatment at

110°C for 24 hours. . ..o ot

SFM images showing the Au(111) surface after immersing in a 2uM
ethanolic solution of MMTA for (a) 270 minutes prior to annealing and

(b) after 8 hours at 200°C under controlled No environment (b). . .......

SFM topographic images (a, ¢) showing the Au(111) surface after immer-
sing in a 100pM ethanolic + acetic acid (10%) solution of MMTA for 16
hours annealing the solution at 30°C. Profile (b) taken along the line in
(a) reveals heights for both low and tall islands formation. Yellow arrows
in (a) show clusters of islands, whereas black dashed arrows in (c) show

some tall islands. . . ... .. . . e

SFM images of Au(111) after immersing in a 2uM ethanolic solution
of MMTA. Topographic (a, b) images for 90 minutes and 270 minutes

annealing the solution at 50°C. .. ..... ... . . ...

SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours and after annealing at 120°C for 24 hours.
Topography (a) and lateral force images (Fw&Bw) (b, c) are displayed.
Topographic profiles (d) confirm the heights of the a single molecular and

bilayer length. ... ... . . . .

Topographic images (a, b) show the molecular material in 100uM (ethanol
+ acetic acid) solution of MMTA transferred from untreated stamp on the
gold surface, magnified area (b) and marked in (a) shows unsuccessfully

patterned zomes. . . . ... ..

Topography (a, c), surface potential (b) and excitation frequency (d)
images to identify MMTA patterned regions on the gold surface recorded
in dynamic mode at RH < 5%. Simultaneous profiles (e) taken along the

lines in (a, b) are shown. . ....... ... .. .
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4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Topographic image (a) and the profile (b) taken along the line in (a) after
pattering the gold substrate are shown. Model proposed (c) to explain the
patterning of the gold surface for several pathways. The cartoon (inset in
b) shows the intimate contact (A) and the non-contact (B) areas between

the relief of the stamp and the gold surface. .......................

Topographic (a) and friction map (b) of MMTA on Au(111) after im-
mersing in a 100uM THF solution of MMTA for 30 minutes. Numbered
profiles (1, 2) taken along the lines in topography and friction map are
shown in (¢ and d), respectively. Brighter regions on the friction map

correspond to bare gold substrate.............. ... .. .. ... .. ... ..

Topography (a), friction map (b) and cross-sectional profiles (c, f) taken
along the lines in (a, b, d, e) images. Lateral forces and friction profiles
in (f) are calculated from profiles taken along the lines in lateral force

images (d, e) and friction map in (b). ......... .. ... ... . . L.

Topographic (a), friction map (b) and simultaneous topographic and fric-
tion profiles taken along the line in (a, ¢) on the second level of the 3D

structure are shown in (c)......... ... . . . i

Topographic (a), friction map (b) and lateral force (Fw&Bw) (d, e) images.

Nanostructures were obtained by drop-casting method from 2uM ethano-
lic solution of MMTA revealing friction asymmetry. Simultaneous topo-
graphic and lateral force are shown in (c, f). Normalized values for the

lateral force are shown in (¢). . ....... ...

Topographic image of a 3D structure and high resolution images recorded
on marked with yellow dashed line are shown in (a). High resolution lateral
force images show small domains found on the nanostructures. Cartoon
showing the friction asymmetry and correlating with the profile taken
along the line in high resolution image is depicted in (b). Regions (a,
b) and (a’, b’) are associated to molecular domains on the 3D structure

during forward (black) and backward (red) scans, respectively. ........

Topographic (a), friction map (b) and lateral force images (Fw&Bw)(c,
d) on the 3D nanostructure obtained by drop-casting at 2uM ethanolic

SOIULION. . . . o o e

SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours. Topographic (a), lateral force (Fw&Bw)
(b, ¢) images and friction map (d) with simultaneous profile taken on the

tall islands (bilayer). . ..... ... .. .. . L

SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours. Topographic(a), and friction map (b)
simultaneous profile taken on the tall island (bilayer) and depicted in (c).
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. 104

Histogram represent the friction value for the substrate and the bilayer(d) 105



4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

Topographic (a) and friction map (b) of Au(111) substrate after immer-
sing in a 100uM THF solution of MMTA for 16 hours and post-annealing
at 120°C for 16 hours. ... ... . o 107

Topographic (a) and friction (b) images of Au(111) after immersing in a
100pM acetic acid solution of MMTA for 30 minutes and post-annealing
at 100°C for 16 hours. ... ... .. 107

Topographic (a) and friction map (b) of the Au(111) substrate after
immersing in a 100uM acetic acid solution of MMTA for 17 hours and
annealing at 100°C for 16 hours. Simultaneous profiles on the topmost
surface of tall islands (1, 2) and tall with low island (3) are shown on the
right panel.. . . ... 108

Topographic (a), lateral force (Fw&Bw) (b, ¢) and friction map (d) images
of the MMTA morphologies after annealing at 100°C. Topographic profile
shows islands with dimensions corresponding to low and tall islands.
Cross-sectional profile on both morphologies and bare gold with the lateral
force are displayed in (e).......... .. .. .. L i 109

SFM images of low and tall islands of MMTA on Au(111) after immersing
in a 100uM acetic acid of MMTA for 16 hours and annealing at 110°C
for 17 hours. Topographic (a, ¢, e) and friction map (b, d, f) are shown
at RH 15%. Panel (e, f) corresponds to the same sample with 4 days old. . 110

3D modes for calculating friction on MMTA morphologies. Normal force
F,, and friction map of MMTA islands obtained in 100uM acetic acid
solution of MMTA for 16 hours and annealing at 100°C for 17 hours. . ...112

(a) Normal force F,, and (b) friction map of MMTA islands obtained in
100uM acetic acid solution of MMTA for 16 hours and annealing at 100°C
for 17 hours. (c) Profiles were taken on MMTA tall islands to determine
the friction value at different loads. . . ............ ... ... L. 113

Profiles taken on the tall islands by means of the 3D modes. Top: Panels
show more detailed profiles of friction versus load on MMTA islands.
Bottom: at low range of applied force a Hertzian and linear model are
fitting the experimental data. ................ ... .. ... ... ..... ... 114

Normal force F,, and friction map of MMTA islands obtained in 100pM
acetic acid solution for 16 hours after annealing at 100°C for 17 hours.
Profiles were taken on MMTA low islands with lateral dimensions less
than 20nm to determine the friction at different loads. . ............... 115

Profiles taken on the low islands and lateral dimension below 20nm. Panel
shows detailed profiles of friction versus load by means of the 3D modes.
Jump of the friction values are observed each 2nN in the repulsive regime. 116



4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

Topography image of Au(111) substrate after immersing in a 100uM acetic
acid solution of MMTA for 16 hours and annealing at 115°C for 16 hours
is shown in (a). Bare gold substrate and monoatomic steps are observed
after loading experiment in (b). Simultaneous friction and height versus
applied load curves on the tall island for the marked region in (a) are
shown (c). The molecular islands are removed by applying ~ 8nN. ...... 117

Simultaneous friction curves from 3D measurements for tall and low is-
lands. Friction difference AFrgy_coom taken on low and tall islands by
taking profiles (7, 9) and (2, 1) are shown in (a) and (b), respectively. ...118

SFM images of MMTA islands on Au(111) surface after immersing in a
100uM acetic acid solution of MMTA for 16 hours and post-annealing at
110°C for 17 hours. Topographic (a, d, g) and adhesion maps (b, e, h)
were obtained by using the force volume imaging for 5%, 25% and 35%
of relative humidity, respectively. Simultaneous profiles taken along the
lines in topographic and adhesion maps are shown in (c, f,1). .......... 120

Evolution of the adhesion force difference between low and tall islands of
MMTA as a function of the relative humidity (RH)................... 121

SFM topographic (a) and friction map (b) of MMTA islands on Au(111)
after immersing in 100uM ethanolic 4 acetic acid (10%) solution of MM-
TA for 16 hours annealing the solution at 30°C. ... .................. 123

SFM images showing the Au(111) surface after immersing in a 100uM
toluene solution of MMTA for 20 hours and annealing at 120°C for 24
hours. Topography (a) and friction map(b) are shown with some yellow
and green arrows to indicate the bare gold and the low islands. ... ... ... 124

SFM images of the sample immersed in a 100uM toluene solution for 20
hours and post annealing at 120°C for 24 hours and observed one month

Later. . 125
Topography(a, d , g) and lateral force forward (b, e, h) and backward(c,
f, i) images for different values of applied force from load movie. .. ... ... 126
Topographic image shows the appearance (a) after loading experiment.

Profiles show a height of about 2nm between the molecular film and the
background of the scratched region. A friction map defined as #(lateral
force Fw-lateral force Bw) for the whole image is displayed in (c). Num-
bered profiles taken along the lines in (a, ¢) are shown in (b, d). ........ 128

Topography (a) and friction map (b) were obtained by zooming in the
scratched area. . .. ... 129
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5.1

5.2

5.3

5.4

9.5

5.6

5.7

5.8

SFM images of alkane (C16) and aromatic (MMTA) thiols printed obtai-
ned by transferring the alkanethiol from PDMS stamp to the bare gold
substrate and then by immersing in a 2uM MMTA ethanolic solution
for 24 hours. Topography (a), friction map (b) and lateral force images
(Fw&Bw) are shown (d, e). Simultaneous topographic and friction profiles
taken along the lines in (a, b) are displayed in (c). Simultaneous lateral
profiles taken along the lines in (d, e) are shown in (f). ............... 130

(a) Current I(V, z) and (b) normal force F,,(V, Z) images simultaneously
recorded on molecular film by applying the 3D modes; current vs applied
voltage curves (d, e) were acquired from horizontal profiles in the current
image. Force vs piezo displacement curve (c) taken along the vertical
profile in (b) shows the force ranges applied for IV curves (d, e). ....... 139

Current-voltage (IV) curves on the molecular film for several force values
for the range from 3nN to 4.1nN. Immersion time for 30 minutes in 100uM
THF solution of MMTA. .. ... .. e 141

Current-voltage (I-V) curves on the molecular film for several force values
ranging from 4.48 to 6.4nN. Immersion time for 30 minutes in 100xM THF
solution of MMTA. ... ... .. .. 142

B-decay coeflicient and contact resistance dependence on the applied force
of the molecular film (a). Log-Log plot of the junction contact resistance
versus the applied force for “REF A” and “REF B” positions show two
power law scaling regimes (b). . ... .. ... . 142

Topographic image of a 3D crystallite recorded from the dynamic mode
(a). Three-dimensional representation of the I(V, z) image (b) taken on
the single point (marked by an arrow in topographic image). Selected IV
curves as a function of the applied load extracted from the I(V, z) are
shown in (c). Log|(I)|-V plot for selected forces is shown in (d). ........ 144

IV curves normalized (a) for low and high applied forces on the 3D
nanostructure. Positive branch of selected IV curves show the change
of the slope (b, c, d). Insets of Log(I/V?) versus V! reveal the voltage
value where the change occurs and the transition from tunneling to field
emiSSION TEeGIMEN. . . . . ... 145

Log-Log plot scale of IV curves at (a) 4nN, (b) 9nN and (c¢) 17nN. Linear
fits for each region along the curves with their slope value are shown to
describe the different transport regimes. .. ............. ... .. o .. 147

(a) Current I(V,z) and (c) normal force F, (v, z) downloading images
simultaneously recorded on the molecular film by using the 3D modes,
current vs applied voltage curves (b) were obtained from horizontal profi-
les in the current image. Force vs piezo displacement curve (d) taken from
the vertical profile in (c) shows the corresponding applied force for the IV
curve. Nominal constant force k = 0.2 N- m~! conductive diamond tip;
RH< 5. e 148
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5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

Current-voltage IV curves by using the 3D modes for MMTA molecular
film thermally treated. Red line represents a nonlinear fit to the experi-

mental current data. . ... ... ...

Decay coeflicient and resistance of the junction as a function of applied

force. (b) log-log plot of the junction resistance vs. the applied force. . ..

SFM images showing the Au(111) surface after immersing in a 100pM
acetic acid solution of MMTA for 16 hours and post-annealing at 110°C
for 17 hours. Simultaneous topographic (a) and current map (b) recorded
at low RH < 5% are shown. Cross-sectional profiles taken along the lines
in (a, b) between low and tall islands are displayed in (c, d) revealing a

current difference of 50+10pA. ... ... ... ..

Current-Voltage (IV) curves on tall (a, b) and low (¢, d) MMTA islands
on Au(111) after immersing in a 100uM acetic acid solution of MMTA
for 30 minutes and post-annealing at 100°C for 16 hours. Applied Force:

InNin (a, b); 3nNin (¢, d). . ...

Current-Voltage (IV) curves (a, b, ¢) on low MMTA islands on Au(111)
after immersing in a 100uM acetic acid solution of MMTA for 17 hours
and post-annealing at 100°C for 16 hours and log|I|-bias voltage plots are

SHOWIL. .« e

Current-Voltage (IV) curves (a) on low MMTA islands on Au(111) after
immersing in 100uM acetic acid solution of MMTA for 17 hours and
post-annealing at 100°C for 16 hours with their respective Log|I| versus
bias voltage plots (b). Plot (c) shows the contact resistance in linear scale,

whereas inset shows the Log (I) versus Log (Force) fitting with n=-1.6.. .

Current-Voltage (IV) curves (a, b, ¢) on tall MMTA islands on Au(111)
after immersing in 100uM acetic acid solution of MMTA for 17 hours and
post-annealing at 100°C for 16 hours. Bottom panels correspond to their

respective log|I|-bias voltage plots. . ....... ... ... ... .. ... ...

SFM images of MMTA islands on Au(111) surface after immersing in
100uM acetic acid solution of MMTA for 16 hours and post-annealing
at 110°C for 17 hours. Topographic (a, d) and surface potential (b, e)
images at RH < 5%. Simultaneous profiles taken on tall and low islands

are presented in (¢, £). .. ... .

SFM images of MMTA islands on Au(111) surface after immersing in a
100uM acetic acid solution of MMTA for 16 hours and post-annealing at
110°C for 17 hours. Topographic (a) and surface potential (b) images were
recorded in air (RH=a35% ). The corresponding profiles taken crossing
both tall and low islands are presented in (c), whereas the histogram of

the whole surface potential image is showed in (d). .................
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5.19

5.20

5.21

5.22

9.23

5.24

5.25

5.26

(a) Topographic, (b) current I(V, z) and (c) normal force F(V, z) images
are displayed. In (d) extracted IV curves and their log(I)-voltage plot are
shown. Au(111) substrate immersed in 2uM ethanolic solution of MMTA

for 1 hour and annealing the solution at 80°C. . ....................

SFM images of Au(111) after immersing in 100uM ethanolic solution of
MMTA for 20 hours and post-annealing at 110°C for 24 hours. Topogra-
phy (a) , normal force F(V, z) and current I (V, z) images recorded by
means of the 3D modes. Current versus applied voltage curves on the
mark in (a) and log plot are shown (d, e). Scratching on the surface was

performed to know the thickness of the molecular layer...............

Topography (a, d, g) and current maps(b, e, h) by applying different bias

VOLEAZES. . o oot

Topography (a, d) and surface potential (b, e) images simultaneously

obtained showing different levels of MMTA on the gold surface. .......

Topographic (inset in a) and surface potential (b) images for double bi-
layer of MMTA on the gold surface. Simultaneous topographic and surface
potential profiles taken from surface potential (inset) and topographic
images on the double bilayer and substrate (pointed out with arrows) are
shown in (a). Surface potential profile in (c) was taken along the multilayer

and the gold surface. .. ......... . . ..

Topography (a), excitation frequency (b) images obtained from dynamic
modes. Inset in (a) shows I(V, z) image recorded at the marked zone,
whereas (c) show the IV curves as a function of applied load. Inset in (c)
is the ohmic region of contact with the gold surface. Experimental data
in both Au surface and molecular film are fitted to obtain the difference

of surface potential (d). . ..... ... ... .. .. .

Topography (a), surface potential (b), excitation frequency images on a
patterned zone of gold surface (c). Topographic and surface potential
profiles taken a long the lines in (a, b) are displayed in (d). 100uM toluene

solution was employed. . ....... ... . . ..

Topography (a) and current map (b) images have been obtained by using
a conductive diamond tip k=2.8 N-m~! under a nitrogen environment

applying 10nN of force and bias voltage of 100mV...................

SFM images of alkanethiols and conjugated molecules printed pattern
obtained by direct transfer from PDMS stamp to bare gold surface. To-
pographic (a) and surface potential (b) of mercapto hexadecanoic acid
(MHDA) on gold surface. Topographic and surface potential for the CHs-
CeH4-CgHas-(CHz),-SH , n=4 (BP4) (d, e) are shown. Topographic and
surface potential of multicomponents C16 (hexadecanethiol) and the aro-
matic thiol MMTA are displayed (g, h). Topographic and surface potential
for MMTA on Au substrate are displayed in (j, k). Panels (c, f, i, 1) show

the surface potential obtained between patterned regions. ............
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5.28

5.29
6.1

6.2

6.3

6.4

6.5

6.6

Surface potential versus the dipole moment angle along the molecular axis

and the normal surface. Permittivity of the SAMs are taken from 2 to 3.0.

Illustration of bilayer and single molecular thickness for MMTA islands
under a pressing of the AFM-tip. Two possible paths of transport are
depicted en REF A and REF B for the molecular film, a tunneling me-

chanism across of the molecular backbone and interchain transport. .. ...

Schematic energy-levels diagrams of metal-organic interfaces. ..........

Space-filling model of SrTiO3(001) showing (a) crystallographic directi-
ons, unit cell with dimensions 3.905x3.095 A% oxygen O and cations (A:
Sr, Ba and B: Ti). (b) Sketch of SrO and TiOs terminated surfaces of

STO00L). v oot e e e e

AM-AFM topographic (left panels) and simultaneous phase-contrast (right
panels) images of (a) as-received and (b) (1100°C, 2 hours)-air-annealed
SrTiO3(001) substrates. Central panels show the corresponding topogra-
phic profiles. A sketch of the deduced surface nanostructure has been

placed correspondingly above the topographic profile. ................

Topographic and friction data for the incipient state of the bi-chemical
termination nanostructuring of a STO substrate thermally treated at

~1100°C for 30 minutes (a, b) and for 2 hours (¢)....................

(a) RHEED specular oscillations during deposition of LSMO on a chemical
termination patterned STO substrate with SrO (AO) and TiOy (BO2)
terminated regions. The black arrows indicate start and stop times of
deposition. (d) RHEED oscillations during deposition of BTO on the
LSMO//STO surface (BTO//LSMO//STO). (b) and (e) are the topo-
graphic images of the LSMO//STO and BTO//LSMO//STO surfaces,
respectively. The wavy lined ledge and the different surface roughness
can be used to spatially locate A regions (e). The different composition of
terraces is also supported by the relief profiles in (c) and (f). The measured
n + % u.c height of descending steps corresponds to that expected for
alternate planes of these perovskites (i.e. AO and BO2). The sketch in (g)
illustrates the BTO//LSMO//STO structure with patterned surface and

INEEITaceS. . . . o o e

Topographic and friction data simultaneously acquired on 1100°C-annealed
SrTiO3(001) substrate are shown. (a) Topographic image; (b) lateral for-
ce images and the corresponding profiles, forward (top) and backward
(down); (c) resulting friction force shown with the topographic profile.
(d) Topographic and lateral forces images with the simultaneous profiles

(e) showing the friction value increased on the SrO termination. ........

AFM topographic images (left panel) and the corresponding phase-shift
images (right panel) after 2 hours treatments of a LSAT single-crystal at
(a) 1100°C, (b) 1200°C, and (c) 1300°C. The same wafer was cut in three

pieces and each piece suffered one of the single-treatments. ............

170
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6.7 (a) AFM phase shift image of a LSAT single crystal treated at 1300°C for
2 hours. AFM topographic images (b) and (c) after growth of SRO. .. ... 188
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CHAPTER 1

INTRODUCTION

During the last two decades, self-assembled monolayers (SAMs) of organics mo-
lecules on metal surfaces (gold, cooper, silver) have been extensively studied due to
their technological promise in areas that involve surface modification and patterning
for a number of applications such as chemical sensors, control of charge transfer,
organic-based electronic functionality. In the past the majority of related studies have
been carried out for thiol-based SAMs with aliphatic backbones which can be prepared
on gold surfaces by immersion or evaporation. However, recently aromatic SAMs have
become the focus of interest due to their extended m-system and potential applications
directly related to molecular electronics [1, 2, 3, 4, 5], (i.e. molecular switching, mole-
cular conductivity or molecular transistors) where in some cases, the structural quality

of the oligophenyl thiols SAMs is superior to those of alkanethiolates.

1.1 State of the Art of functional surfaces

In contrast to alkanethiol-based SAMs, whose most structure is found to be inde-
pendent of the chain length, the ordering mechanism and structure of aromatic SAMs
is more complex. Such complexity has been shown in SAMs formed out of biphenyl
derivatives BPn (CH3(CgHy)2(CHz2),,SH, as changing the parameter n from odd to
even leads to strong changes in the molecular film structure [6, 7, 8]. Since aromatic
SAMs structure is determined for complex factors (i.e. molecule substrate-bonding,
molecular interactions, immersion times or solvents used) preparation of high quality
molecular films requires precise knowledge of these factors.

Nowadays, there is a pronounced interest in the preparation of structurally well-
defined organic surfaces with different functional groups. The chemical composition of

the surface formed on the substrate is controlled by the termination of the organothiols,



1.1 State of the Art of functional surfaces

in case of the alkanethiols the -CHjz termination or -COOH (acid terminated alkanethiol,
MHDA). In the present work, as a first part we show the characterization results
obtained by using the aromatic thiol 4” — (mercaptomethyl)—[1,1" : 41" — terphenyl]-
4-carboxylic acid or MMTA on gold substrates. The MMTA is an aromatic thiol with
an alkyl chain between the thiol group and the three aromatic rings and functionalized
with a carboxylic acid group. One of the most interesting functions is the carboxylic
group, since -COOH-terminated surfaces are of interest in surface science, biology,
sensor development or electrochemistry. Early works carried out by Patel et al. [9]
have shown the immmobilization of the protein catalasa onto carboxylate-terminated
SAMs made from 3-mercaptopropanoic acid (3-MPA), 11-mercaptoundecanoic acid
(11-MUA), and a mixture of both acid thiols utilizing water-soluble carbodiimide and
N-hydroxysuccinimidde (NHS). The immobilization of catalasa involves the formation
of an NHS ester with the carboxylate-terminated SAMs, where the side-chain amino
groups of lysine residues on the protein surface displace the terminal NHS groups,

resulting in covalent immobilization of the protein.

Moreover, several studies to immobilize metallic complex (dinuclear copper II ace-
tate complexes) on SAMs by means of different types of interactions (covalent bonding,
specific adsorption or nonspecific adsorption) in both alkane and aromatic thiols have
been reported [10]. For non-specific adsorption case on thiols SAMs surfaces involves
electrostatic and hydrophobic interactions, whereas the covalent bonding is attractive
due to their high stability and binding strength. The specific interaction refers to a
characteristic that is unique to a couple of binding partners (selective growth process).
Metallization of aromatic thiol-coverage surfaces, in particular dithiol SAMs, offer the
possibility that the free -SH groups bind chemically to the deposited metal atoms and
thus prevent their diffusion through the SAM as showed Rajalingam et al. [11].

Lastly, and as second part of this work, we present the characterization of functional
surfaces of a perovskite oxide, in particular the SrTiO3 substrate widely used in the

growth of complex oxides and possible candidate to grow molecular organics [12].

The quality of thin films is strongly dependent of the quality of the substrate
on which they are deposited. Smooth substrate surfaces atomically flat plane are

essential for perfecting the epitaxial growth of transition metal oxide films. By using



1.2 Motivation and Objetives

the epitaxial growth of films with perovskite structure, single crystal substrates must
follow specifications by which the lattice constant, thermal expansion coefficients of
the substrates should closely match those of the growing films. Moreover, the substrate

should not have phase transitions.

The role of the chemical surface termination of Sr'TiO3 has been investigated down
to the atomistic level and, because titanium dioxide (TiO2) terminated surfaces are
preferred in a wide range of applications, obtaining nanostructured surfaces having
tailored TiO9 termination is of enormous interest for further developments. The cubic
perovskite SrTiOs viewed in the (001) directions is made up from a stack of alternating
neutral TiOg and SrO layers. It is known that both terminations are randomly dis-
tributed on the as-received substrates surface, and the SrO surface segregation can
appear under annealing at high temperature and oxidizing conditions. Bachelet et
al. [13, 14] have shown that by means of appropriate thermal treatments, the SrO
termination self-organize, forming, along the substrate step-edges, a well-ordered array
of half-unit-cell-deep trenches coexisting with atomically flat TiO2 terraces in between.
As a real example of a selective growth, using such nanopatterned surfaces they have
fabricated ordered arrays of conducting epitaxial STRuOj3 nanostripes separated by

insulating trenches.

1.2 Motivation and Objetives

Based on the observation of Gordon Moore in 1965 about the technological li-
mitations to arise the miniaturization of electronic components following a top-down
strategy and since the size of semiconductor based electronic circuits shrinks it has
been suggested to build up electronic devices with a bottom-up approach by using
single or small molecular ensembles by which detailed knowledge of the fundamental
growth process is desirable. In this sense, the study of new nanostructured materials
as thiol based SAMs on the very well-known metallic substrates such as (gold, silver,
cooper) as well as other organic molecules on oxides, in particular, SrTiO3 have been

major motivations.

Our main objective is to establish the correlations between structural characteristics

and properties of the surfaces. The influence of these correlations will be analyzed by
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investigating the electronic transport (Conductive-Scanning Force Microscopy) through
thin films (organic or inorganic) for different morphologies depending on the method of
production, and how these films modifying the surface contact potentials of the starting
substrates by using the Kelvin Probe Force Microscopy (KPFM). To this end, two sets
of very different model systems (one organic and another inorganic) will be studied: i)
self-organized films (self-assembled monolayers, SAMs) of organosulfur compounds on

Au (111) and ii) perovskite oxide substrates, namely SrTiOs (STO).



CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Introduction

Scanning probe methods have become successful tools in surface science due to their
ability to characterize metallic, semiconductors or insulator surfaces in real space at
the atomic scale. Surface relief, electronic and vibrational properties, measurements of
adhesion, friction, studies of lubrication, dielectric and magnetic properties, molecular
manipulation are outlines under Scanning Probe Microscopy (SPM) studies. Within the
family of SPM a variety of methods to characterize the surface properties have been per-
formed to date. The Scanning Tunneling Microscope is based on the control of tunneling
current and/ or the voltage parameters by obtaining image formation; however, one of
their limitations is the requirement of conductive samples. This limitation was overcome
in 1986 when Gerg Binning, Calvin Quate and Christoph Gerber proposed a new type
of microscope, the AFM, in which instead of measuring tunneling currents between
a probe tip and sample, any type of forces between a sharp tip and conductor and
insulator samples at the atomic scale were measured [15]. Afterwards, the idea derived
in other scanning probes microscopes such as the friction force microscope (FFM),

magnetic force microscope (MFM) and the electrostatic force microscope (EFM).

2.2 Background of Scanning Force Microscopy (SFM)
Atomic Force Microscopy (AFM), or known also as Scanning Force Microscopy
(SFM), was invented by Binnig and co-workers in 1986 [15, 16]. The physical quantity
that is measured is the force experimented between a sharp conical tip, with a terminal
radius often less than 10nm and located at the free end of a long cantilever, and a
sample surface. In a force measurements the sample is moved up and down by applying

a voltage to the piezoelectric ceramic, onto which the sample is mounted. Experimented
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forces of only few pN cause vertical deflections of the cantilever being detected by using
an optical system such as the laser-PSD(position-sensitive detector). The measured

cantilever deflections enable the computer to generate a map of the surface topography.

2.2.1 Description of the SFM System

The results presented in this work have been obtained by using two different mi-
croscope systems. The first one is a home-made SFM following the design suggested
by Kolbe et al. [17] with an SPM100 electronic control unit fabricated in the UAM
(Segainvex Workshop), and the second one is a complete commercial SPM from Nanotec

[18]. Both equipments follow the common characteristics to most commercial SFMs.

2.2.1.1 The Force Sensor

A small tip, which is mounted at the end of a small sensor lever or cantilever form the
heart of the SFM because it is brought in closest contact with the surface allowing de-
tecting of vertical deflection with picometer resolution. Commercial tip-lever assemblies
are fabricated from silicon (Si) or silicon nitride (Si3N4) and typical dimensional values
of cantilever are length L (100-300)pm, width w (10-40)um, thickness ¢ (0.3-8)pm,
tip height(3-15)um and tip radius R (4-200)nm; by this way, a wide range of spring
constants are obtained. There are two main designs for cantilevers, the “V” shaped and
the single-arm kind. By developing this work, V-shaped and rectangular cantilevers
with nominal force constants between k = 0.01 N - m~™! and &k = 0.5 N - m~! were
mainly employed for the structural and frictional characterization of Self Assambled
Monolayers (SAMs) of MMTA on gold, whereas the electrical measurements have been
performed with rectangular conductive diamond or Cr-Pt coated cantilevers of nominal
force constant of k = 0.2 N - m~! for contact mode [19, 20] and k = 2.8 N - m~! for
dynamic mode [19]. Rectangular conductive diamond coated cantilevers with nominal
force constants k = 48 N - m~! and Cr-Pt coated cantilever k = 40 N - m~! have been
used to characterize SrT'i03 and complex oxides thin films of perovskite type. Figure
2.1 shows two cantilever geometries used mainly for contact and non-contact mode
from commercial SPM probes: (a) rectangular and triangular probes on a silicon chip
[21] (b) SEM image of a silicon tip and (c) cantilever coated (i.e. Ag, Al, Cr, Ir, Pt,
Ti, W) on detector side as well as the tip[19]. (d) shows the geometry of a V-shaped
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and uniform rectangular cantilever, where the cantilever length, width and thickness,

and the tip height are denoted by L, w, t, and h, respectively. The working principle is

%in s o W i
we DFI |'. R

Figure 2.1. Cantilever geometries used from commercial SPM probes. (a) Rectangular
and V-shaped SizNy probes from Veeco Instruments, now Bruker[21]. Silicon tip (b) and
cantilever Pt-coated (c) from Nanosensors[19] are shown. (d) Geometry of a V-shaped
and a beam cantilever are described: L is the parameter describing the cantilever length,
the height of the tip is h and the thickness is ¢ for a width w that corresponds, in the
case of the triangular cantilever, to the width of one of its arms.

similar for both geometries, normal forces acting on the tip and perpendicular to the
lever plane produce a vertical deflection while lateral forces perpendicular to the long
axis cause the torsion of the cantilever. By correlating the corresponding displacements
(Az and Az) and the forces, the cantilever response is approximated by a spring in

each direction by means of the Hook s law, so

Fo=ky Az (2.1)

Fr=k' Az (2.2)

The determination of kz and k” is fundamental to obtain quantitative information of
the SFM measurements. In this work, information supplied by the manufacturer have

been used for the vertical deflection k7 to obtain the value of the normal force applied.
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Alternatively, the resonance frequency of the cantilever was always measured to verify
that the nominal value was statistically representative’.

Although manufactures provide data sheet for the different probes employed, some
times these values are at least up to a factor of two compared to their true value.
Theoretical studies have been proposed to determine the nominal values of kz and k” for
both rectangular and triangular cantilevers with its own advantages and disadvantages

[22, 23, 24].

2.2.1.2 Optical Detection System

SEFM can detect forces by measuring the vertical deflection or lateral torsion of the
cantilever due to the repulsive or attractive forces during scanning. The conventional
optical lever or beam-bounce method is employed on most commercial SFMs. In this
frame, a laser beam is reflected from the reflective backside of the cantilever onto a
position-sensitive photodetector consisting of two side-by side photodiodes. The vertical
force is measured by monitoring the difference between top and bottom sectors, and the
lateral forces are measured by monitoring the difference between left and right sectors;
both topography and frictional image may be measured simultaneously.

A small deflection or torsion of the cantilever will deviate the reflected beam and
changing its position on the photodetector. The difference between the signals from the
photodetector indicates the position of the laser spot and thus the angular deflection

or torsion, this last referred as lateral force (see Figure 2.2).

2.2.1.3 The Scanning System

The piezo scanner generally consist of lead-zirconate-titanate (PZT) ceramic materi-
als placed between two metal electrodes. When a voltage difference is applied between
the electrodes, the piezoelectric ceramic expands or contracts in a direction that is
perpendicular to the applied electric field. The motion of the ceramic is controlled by
the polarity and magnitude of the applied voltage. The piezo scanner of our SFM was

designed with a concentric tubular form with an electrode on the inner surface and four

'Equation relating the resonance frequency of an object with its force constant k and effective mass

. _ 1 k
m: fres = 504/ m
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Figure 2.2. Schematic of the optical detection system used to measure the cantilever
deflection produced by normal (a) and lateral forces (b).

equally spaced electrodes on the outer surface. Biasing the inner electrode controls the
vertical movement(=+z), this displacement can be referred as Az. Biasing two opposite
outer electrodes moves the tube in the +z and +y directions. Az and Ay provide the
scan area (Ax, Ay) on the surface plane of a SPM image. We have employed different
scanners whose nm/V ratios vary between 10-30nm/V for the vertical displacement
and 40-250nm/V for the lateral movement which allows measuring a wide variety of
scan ranges from 10um to 70um and of 2um to 12um, respectively. Although the
scanners are calibrated by manufactures, they must be in-situ verified and calibrated

again periodically.

Figure 2.3 (a) shows a SFM 3D image of the grating employed to calibrate the
piezo scanner. A nominal steps height of 18.5+1nm and periodicity of 34+0.05um are
provided by the manufacturer [25]. For small scan areas, the surface of the Au(111)
has been used to calibrate the vertical displacement due to their monoatomic height
step is known (0.235nm) (b), whereas the lateral-resolved image (c) of the hexagonal

periodicity (0.289nm) is used to calibrate the lateral movement.
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Figure 2.3. (a)3D SFM image of the commercial gratings used to calibrate the piezo
scanner. Topographic (b) and lattice resolved(c) images of the Au(111) surface.

2.2.1.4 The Electronic Control Unit

A high voltage unit connected to a digital signal processor (DSP) inside a PC
complete our SFM equipment. The DSP board is mainly in charge of collecting the
signals coming from the photodiode and controlling the displacement of the piezo
scanner. Due to the limited voltage range of the DSP (+3V) and the high voltage
required by the piezo scanner (up to 300V) to work, the signal must be amplified
and supplied to the microscope through a high voltage unit. The amplification gain is
selected by the user depending on the vertical and lateral scales of the sample: lower

gains imply smaller scanned area but increased resolution.

The DSP board is also in charge of the so-called feedback loop, a way to control
the vertical distance between tip and sample by maintaining a selected magnitude
fixed to a preset value during the scanning. Commonly, the normal deflection of the
cantilever is used as feedback. By means of the feedback loop, this deflection and the
preset setpoint value are continually compared at each point of the image. If they are
not equal, a voltage is applied to the scanner in order to move the sample closer to
or further from the probe, to maintain constant the normal load. This applied voltage

signal is used for generating the SFM image. The control unit as well as the WSxM [26]

10
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software employed for data acquisition and image processing are from Nanotec [18].

2.2.1.5 Vibration Isolation

As a system employed for studies at the atomic scale, vibration isolation is of crucial
concern. To avoid typical mechanical vibrations coming from stepping on the floor or
motion of the entire building itself (0.1 - 50)Hz and acoustic noise (~20Hz) or electronic
noise (~60Hz) from electric circuits, those must be eliminated. To this end, a design
is common for both SFM equipments. Each SFM is mounted on a rigid granite plate,
which are supported by a table that acts as a low resonant frequency support. A
hood covers each scanning force microscope head(tip, sample, detection system and
piezo actuator) which provides an acoustic isolation and allows controlling the relative
humidity of the working atmosphere, in addition of a metallic box to minimize electrical
noise. An hygrometer TES-1364/1365 Datalogging Humidity Temperature meter was
employed to measure the relative humidity and temperature inside and outside of the
hood with an accuracy of £3% RH(in the 2%-98% range) and +0.8°C (in the -20°C to
60°C range).

2.2.2 Forces that we can Measure

In SFM, several forces such as van der Waals forces, capillary forces, frictional forces,
magnetic forces and electrostatic forces contribute to the deflection or torsion of the
cantilever. As a first approximation, the forces contributing to the deflection of an SFM
cantilever are the van der Waals forces and the interatomic repulsive forces, which can
be derived from the Lennard-Jones Potential. In the contact regime, the cantilever is
held less than a few angstroms from the sample surface, and the interatomic force
between the cantilever and the sample is repulsive. In the non-contact regime, the
cantilever is held on the order of tens to hundreds of angstroms from the sample surface,
and the interatomic forces between the cantilever and the sample is attractive.

Under measurement conditions such as ultrahigh vacuum (UHV), in air or liquids
the SFM is employed to obtain the so-called Force-Distance (Fz) measurements. This
type of measurements allows to deduce the attractive forces between the probing tip
and the explored surface. Figure 2.4 shows a force distance curve for a SigNiy tip

approaching to and retracting from a clean Au(111) surface (RH~5%). The curve shows
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the deflection of the cantilever as a function of distance between the gold surface and
the AFM-tip, which is driven by the piezo-scanner. This deflection is measured in a
split photodetector by the laser light reflected from the back of the cantilever. At the
piezo displacement labelled (1) the cantilever with the AFM-tip is far apart from the
sample and the cantilever deflection is nearly zero. The tip remains free as long as the
piezo-scanner approches the surface and when both tip and surface reaching the close
proximity a jump-to contact occurs (2). At this point the gradient of the attracting force
between tip and surface becomes higher than the spring constant of the cantilever. The
piezo-scanner drive pushes the AFM-tip further on the hard gold surface until (3) where
the motion of the piezo-scanner is reversed. On retraction, partial wetting of the tip by
the explored surface generates a capillary bridge that extends far more than the initial
position of the sample surface before loading. In this point, the tip snaps out (pull-off
force) (4) of is continued until the tip comes free again (5). The force acting on the
cantilever immediately before coming out of contact (pull-off force) is a measure for the

adhesion force between AFM tip and the explored surfaces.

— Approach curve
+—— Withdrawal curve /
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Figure 2.4. Force distance curve (Fz) obtained on a clean Au(111) surface at relative
humidity (RH~5%). Labelled points are illustrating the atracttive and repulsive regimes
where the jump-to-contact (approach) and jump-off-contact (withdrawal) occur and the
maximum value of the attractive force (pull-off force).
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From the measured pull-off force the surface energy ~ of the surfaces in contact can
be calculated by applying the models developed for the adhesion of elastic spheres on
flat surfaces by Johnson-Kendall-Roberts (JKR) or Derjaguin-Muller-Toporov (DMT)

as follow:

3
Fyputt—off(JKR) = —SmRy (2.3)

Fpu”,off<DMT) = —27w Ry (2.4)

Characteristics of the JKR theory include infinite tensile stress at the contact area
perimeter, a non-zero contact area and a minimum stable normal load which still
exhibits a non-zero contact area. When surface forces are short range compared to the
resulting elastic deformations (i.e. compliant materials, large sphere radii, and strong,
short-range adhesion forces), the JKR model describes the contact area accurately.
JKR model neglects long range forces outside the contact area and considers only short
range forces inside the contact region. In the DMT model, the elastic sphere is deformed
according to Hertz theory, but in addition to the external load, the forces acting between
the two bodies outside the contact region are taken into account. If an external load is
applied, the area of contact is increased and if a negative load is applied, the contact
area goes to zero at the pull-off force. DMT model is applicable for systems with low

adhesion and samll tip radii.

2.2.2.1 van der Waals Force
The van der Waals force between atoms and/or molecules is the contribution of
three different forces [27], i.e. the Keesom Force, the Induction or Debye Force and the

™. rthe distance between mo-

dispersion or London force, all being proportionals to 7~
lecules or atoms and n=6 . Keesom force is the angle-average dipole-dipole interaction

between two atoms or molecules and its potential described as,

1 i

—_—,— 2.5
0 3kpT (471'606)2 (2:5)

wg(r) =

11, po represent the dipole moments, € the dielectric constant of the medium, kp

the Boltzmann constant and T the temperature.
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2.2 Background of Scanning Force Microscopy (SFM)

The Debye force is the angle averaged dipole- induced-dipole interaction between

two atoms or molecules, being its potential as follow,

1 piaos + pian
6 (dmege)?

o1, g2 represent the molecular polarization values.

wp(r) = (2.6)

The last force so-named London Force has the most important contribution to van
der Waals. The range of interaction goes from few nanometers to A between all atoms or
molecules. This force is referred as the instantaneous dipole-induced dipole interaction

and its potential is,

. 3 ap1 02 (hvl) (I’LVQ)
26 (dmege)®  (hvy + hin)

The total contribution at van der Waals potential will be adding the potentials wg,

wr(r) = (2.7)

wp and wy,, SO

1

[ 4 Seo1002 (hvy) (hv)
76 (4reg)?

3kpT 2 (th + hl/g) ( 8)

wyaw (r) = — (Hiao2 + paao1) +

The van der Waals interaction between atoms at the end of the tip and the surface
explored is taken into account by summing the interactions of all pair of atoms, but the
full system contains billons of atoms and impossible to estimate all the interactions. For
simplicity, only the contribution of the London force is evaluated based on the material

and structure of the tip. The dispersion or London force can be simplified as,

Cs
wr,(r) = 5 (2.9)
being Cg constant defined by London and specific to the identity of the interacting
atoms. Forward, Hamaker calculated the total interaction potential under assumptions
for two macroscopic bodies allowing obtaining the total force for two arbitrary shaped

bodies,

Fyaw = —P1p2/ Vwr(r)dVidVa (2.10)
v2 Joul

p1 and po are the number of densities, and Vi and Vj represents the volumes of bodies

involved. More elaborated expressions to obtain the van der Waals force between a
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2.2 Background of Scanning Force Microscopy (SFM)

conical tip with angle v and a sphere of radius R at the end with a flat plane were
derived by Argento and French [28]. In this sense, they suggested a parametric tip
force-distance relation to adequate the existing power-law sphere-plane models. The
Figure 2.5 shows the geometric model used to describe the integration of the interaction

force, consisting of a cylindrical followed by a conical section and a spherical cap.

Figure 2.5. Parametric tip model. R is the tip radius of the spherical section, v and
« are angle for the conical and spherical sections. From Argento et al.[28]

HR? (1 —siny — zgsiny — R — zp)
622 (R + 20 — Rsin~)?

H tan~y [z9siny + Rsiny + R cos (27)]
N 6cosvy (2 + R — Rsinn)?

Fyaw =
(2.11)

From equation 2.11 the first term corresponds to the contribution of the conical section
to the total force, whereas the second term represents the contribution of the spherical

cap to the total force.

2.2.2.2 Capillarity Forces
SFM experiments carried out under ambient condition must take into account the

role that the presence of water plays between surfaces covered by molecular films and
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2.2 Background of Scanning Force Microscopy (SFM)

the probing tip. A meniscus is formed provoking strongly draws the tip toward the
sample. The interaction can be described by the Laplace pressure by

1 1
1 T2

with v is the surface tension, r1 and ry are the radii of the meniscus and rx called

the Kelvin radius. The capillarity force can be obtained by multiplying the Laplace

pressure by the contact area of the meniscus A,

A 27 Rd
Fcap:L:rYﬂ-R

2.1
- - (2.13)

being R the tip radius and d the tip penetration depth into the liquid. Capillary forces
can be roughly estimated by F' =~ 4w R~, some reported values for saturation vapor
pressure, surface tension and the Kelvin lengths? are summarized in table 2.1.

The adhesion force, F,q4p, between the tip and the surface under the presence of the

Substance Py 0% AK
Pa  mN/m nm

Water 3169  71.99 0.52
Toluene 3790 27.93 1.20
Chloroform 26200 26.67 0.88
Ethanol 7870  21.97 0.52
Acetone 30800 23.46 0.70

Table 2.1. Saturation vapor pressure Py, surface tension v, and Ax at 25°C.
water bridge can be written by summing van der Waals, capillary forces and the force
due to surface tension of a liquid film,

Fadh = FVdW +Fcap+Fst (214)

Most SFM equipments have implemented the Force Volume Imaging in which the

tip detects forces on the surface and then the deflection experimented by the cantilever

Zcalculated as Mg = %, with R = 8.314 J-mol *K~! the molar gas constant, T the temperature
and V,, the molar volume of the liquid.
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2.2 Background of Scanning Force Microscopy (SFM)

is recorded as the tip approaches, contact and retract from the surface collecting an
array of force curves over the entire sample area. In these sense, each force curve is
recorded at a fixed (x-y) position over the area, and force curves from an array of (x-y)
positions are combined into a volume of force data. We employed this method to obtain
adhesion maps over a priori SH and COOH terminations given by two morphologies

of MMTA islands presented in chapter 4.

2.2.2.3 Electrostatic force

Laser
beam

Frceai fiy, 104)
Detection system

Ot

Ref ——
EFMUEFM Lock-n | |
Ve 50 (i, 1) |

Figure 2.6. Experimental set-up for most commercial SEMs. Vi (z,y, z) is the surface
potential that one wants to measure.

Modeling the tip-sample ensemble as a capacitor, where dg represents a charge
element and dU the necessary energy to bring it from the positive electrode at potential

V' to other electrode, one obtains,

dUsurface = qu = gdq

0 c 2 (2.15)
Usurface = % = ECV
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2.2 Background of Scanning Force Microscopy (SFM)

By considering a conducting AFM tip and conducting sample with different work
functions and both electrically connected, electrons flow from the material with smaller
work function to the material with higher work function. The diffusion current builds up
a double layer at the interface resulting in an electrostatic potential (CPD)? referred as,
Contact Potential Difference A®. In Figure 2.6, the total energy between the tip-sample
ensemble is,

Utotal = %IWQ + Usurface = %]WQ + %(Cv)gip—sample (2.16)
electrostatic forces experimented by the cantilever-tip system are attractive forces

interacting in the middle range distance of about 10nm. These forces exerted on a

conductive AFM tip held at constant distance z above sample surface is given by
dUtotal

dz
1c,, (2.17)

2 dz
where V is the electrostatic potential difference between AFM tip potential and sample

F=_

surface potential, V="V, - Viampie, and % is the first derivative of AFM tip-sample
coupling capacitance. If an AC voltage, V. sin(wt) with adjustable offset V. is applied
to the conducting AFM tip, the electrostatic force interaction between the electrodes

becomes

1dC
Felect = —ga(AV)Q

1dC . 2
=54 [AD + (Vge + Ve sin(wt))]

by expanding the expression F,..;, the spectral components at DC and frequencies

(2.18)

w and 2w are,

1dC y V2
Fpe= =22 0(A0 1V, ac
o=~ { (A0 Ve T
d
F, = —d—i (AP + V) Vae sin(wt) (2.19)
1dC _,
Fy, = Z%Vac cos(2wt)

as a result of the F,, and Fo,,, the tip starts vibrating. If the frequency of the applied

AC voltage equals the resonant frequency of the cantilever, the vibration amplitude at

3The sign of the measured A® will be positive/negative if the nullifying voltage is applied to the
sample/tip respectively.
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2.2 Background of Scanning Force Microscopy (SFM)

frequency w is directly proportional to the spectral component of F,,. If the DC offset
V. applied to the tip is equal in magnitude and opposite in sign to the CPD of the
sample, the spectral components at frequency w of the tip vibration amplitude, as
well as of the force acting on the tip will become zero. KPFM technique is based on
nullifying tip vibration amplitude at the resonant frequency by applying an adjustable
DC voltage by a feedback circuit to record V. as a function of position (x, y) and to
obtain a map of the electrostatic surface potential. In the present work, in order to
minimize cantilever contributions, often Kelvin Probe Microscopy measurements are

carried out in gradient force mode [29].

dF 1d*C 5
i (AV)

b fl;éfQ | (2.20)
s (AD + V) Ve sin(wt)

2.2.3 Operation Modes in SFM

In agreement with the wide variety of forces that can be detected in SFM, several
alternative ways of acquiring data of surface properties from contact and non-contact
mode have been developed. The first developed mode was the contact mode, in which
the tip and the explored surface are in direct mechanical contact. By measuring vertical
and lateral deflections of the sensor as the tip scans the sample surface, topography and
friction maps can be simultaneously obtained. Other operation modes are the so-called
dynamic modes where the lever is oscillated near its resonance frequency at a given
distance from the surface. Depending on the amplitude of oscillation, compared to the
tip-sample distance, the tip may either not contact the sample or intermittently contact
the sample surface. By measuring the changes in amplitude, phase or frequency of the
oscillating cantilever in response to the existing tip-sample interactions, it is possible

to obtain information about the surface properties such as electrostatic or magnetic

maps, dissipation, surface potential, apart of the topographic images.

2.2.3.1 Contact Mode
As mentioned before, forces are detected by a probe tip mounted on a flexible lever
which causes the cantilever deflection. This deflection is kept constant to a pre-set

setpoint value when the tip contacts the surface by mean of a feedback loop of the
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2.2 Background of Scanning Force Microscopy (SFM)

electronic control unit. With the cantilever deflection held constant, the applied force
to the sample during the scan is also constant obtaining a profile of constant atomic or
molecular force over the surface. The nature and strength of the forces experimented
by the tip-sample can vary depending of their separation distance achieving forces in
the uN to nN range. The most typical potential employed to model the intermolecular

forces is the Lennard-Jones potential,

vomae ()7 (2)] 221)

The Lennard-Jones potential in equation 2.21 describes the attractive van der Waals
force, the sixth-power term, whereas the twelfth-power term describes an empirical
potential accounting for the core-core repulsive force that is dominating at small di-
stances. From force-distance curve, it is possible to distinguish between the normal and
the total force applied to the sample. From equation 2.1, the normal force is obtained
from the cantilever deflection and, when the feedback is enabled, it is the set-point
value multiplied by kz, whereas the total force is the sum of the normal force and the
adhesion force. This fact implies that to acquire an image in contact mode the minimum
set-point value is close to the adhesion. Furthermore, if the zero deflection is defined as
the cantilever deflection in the absence of forces, this means a negative set-point and a
total applied force close to zero, measuring at this minimum set-point reduces possible

damage of soft sample surfaces.

e Image formation: images are formed by recording the effects of the interaction
forces between the tip-sample system. The SFM electronics drives the scanner
across the first line of the scan and back (forward and backward), it then steps in
the perpendicular direction and starts a second scan line forward and backward,
then a third line, an so forth. As the cantilever scanned over the surface, a topo-
graphic image is recorded storing the vertical control signals sent by the feedback
loop to the scanner moving it up and down to follow the surface morphology while

keeping the constant force.

e Lateral Forces, Friction and lattice-resolved images: by using the Friction Force
Microscopy based on the detection of the torsion of the cantilever, a lateral force

image is obtained at each point of scanned area for both forward and backward
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2.2 Background of Scanning Force Microscopy (SFM)

directions. The standard measurement in FFM is made by means of friction loop
where the lateral force acting on the tip is recorded for the forward and backward
scan directions being the dissipated energy the loop area [30]. For image analysis,
the forward and reverse signals on the same scan line are subtracted and the mean

lateral force is,

F(r) = Fj" = — (Ff" — FPY) (2.22)

1
2
where F 5 Y and F LB“’ are in the forward and backward directions, respectively.
On small scanned areas an average friction force is calculated over N lines of
lateral force images; however, some results are presented by making a friction
map subtracting both forward and backward lateral force images and dividing
between two, correcting previously any possible drift on the images. Small scan
areas have been used to study the atomic periodicity of gold substrates as well
as the molecular order of the islands of self-assembled of the mercapto-methyl
terphenyl carboxylic acid (MMTA). High resolution lateral force images show a
typical stick-slip behaviour that can be understood as an oscillator represented
by the tip and a periodically potential of the surface. If the tip is brought to
the surface and pushed laterally, it will remain at that minimum “sticking”, until
the restoring force of the cantilever overcomes the energy barrier causing the tip
jump or slip to the nearest local equilibrium position, being locked again [31, 32].
Quality of these images can be affected by the quality of the surface (vacancies,

contamination, electronic noise, speed of the scanning).

Current maps: Simultaneously to the topography and friction images, one of
our microscopes allows obtaining maps of electronic transport and usually called
current maps. In current maps, the current flowing between a conductive tip and
the sample surface is recorded at each position for a fixed applied voltage. A high
sensitivity internal IV-converter allows acquisition in the total range (100nA),
whereas an external Low-Noise Current Preamplifier (Model SR570) Stanford

Research Systems allows obtaining range from picoampere (pA) to miliampere

(mA).
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2.2 Background of Scanning Force Microscopy (SFM)

2.2.3.2 Dynamic Modes

Amplitude Modulated-Atomic Force Microscopy (AM-AFM) is a dynamic force mi-
croscopy mode where the cantilever-tip ensemble is mounted on a piezoelectric element
that is oscillating with amplitude Fj at angular frequency w, usually near or at the free
resonance frequency. The three degrees of freedom of an oscillating cantilever called,
amplitude, frequency and the phase difference between excitation and oscillation can
be used as feedback parameters to image the sample surface, in particular Martin et
al. [33] proposed an analytical model for small vibration amplitudes to correlate their
changes respect to derivative of the force experimented by the cantilever.

Unlike pioneering work developed by Martin, few years later Zhong et al. [34]
introduced an alternative way to measure with large oscillation amplitudes by using stiff
cantilever on silica optical fiber samples; this alternative of measuring was called tapping
mode or intermittent contact. Interestingly, both alternatives small and large vibration
amplitudes form part of the solutions of the equation movement of an oscillating
cantilever-tip ensemble close to the surface. A first approach is to consider the oscillating
cantilever-tip system as a point-mass spring, with an effective mass m*, if the oscillating
cantilever-tip system is far from the sample (tip and surface are not interacting, F;s=0),
then the system can be described by the motion of a forced harmonic oscillator with

damping as follows,

m*Z(t) + az(t) + k z(t) = Fo cos(wt) (2.23)

by defining terms as w3 = nf* the resonant frequency of the free oscillating canti-

lever, Q = m*“0 the dimensionless quality factor being inversely proportional to the
damping coefficient, m* the effective cantilever-tip mass?, then the equation 2.23 can
be written as,

wo

Z(t) + 62'(15) + wd 2(t) = % cos(wt) (2.24)

The solution of a harmonic oscillator with damping has a transient and steady term,

z(t) = Bexp(—at) cos(wyt + ) + A cos(wt — ¢) (2.25)

Am* = 0.2427Tm. + my¢, where me = w. -t - L - p is the mass of the cantilever and m; the mass of
the tip. we, t, L and p are the width, the thickness, the length and the mass density of the cantilever,
respectively.
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2.2 Background of Scanning Force Microscopy (SFM)

In the absence of intermolecular forces between tip-sample surface, but applying
a periodic excitation to the cantilever with w close to the resonance frequency, a
linear combination of two regimes, a transient term and a steady solution are obtained.
Starting from rest and switching on the excitation at t=0 to the piezo, the amplitude
will increase from zero to a final value and after a time of % to arise a steady state,
leaving the amplitude, phase and frequency stay constant over time. The steady term

is a harmonic function with a phase lag with respect to the excitation force,
zs(t) = Agsin(wt — ) (2.26)

the dependence of the amplitude with the excitation frequency is,

Fo
Ag(w) = m” (2.27)
\/(wg - w2)2 + (w(]) w2
and the phase shift by,
wwo
( = arctan () 2.28
QR - ) 229

% ; whereas the

For slow resonance frequencies and w = wqg , the amplitude goes as
1/2

damping coefficient modifies the resonance frequency as w, = wq (1 — ﬁ) . More

complex interactions can be assumed between tip-sample, this fact makes computa-

tionally expensive to find the solution of the tip movement. Discussions, theoretical

calculations and simulations can be followed in [35, 36, 37, 38].

e Three-dimensional (3D) modes: a successful tool to perform several and simul-
taneously measurements in SFM are the so-called 3D modes [39]. Measurements
carried out with this mode can be understood as an extension of a force distance-
curve where, in addition to the normal force, other distance dependence para-
meters of a distinct magnitude can be obtained. Let Fj, =(X;,Y;) a magnitude
that depends of other two, being X; and Y}, the fast and slow scans, respectively.
Within each scanning direction, parameters such as, voltage(V), frequency(w),

distance (z), various images can be simultaneously recorded [40, 41].

e 3D modes for friction measurements: by applying this mode for friction measure-

ments, a single line along the surface of the sample is chosen and associated to X,
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whereas the z-piezo movement is chosen to Y; parameter. For a given tip-sample
distance, the tip scans the line forward as well as backward; once done that, the
piezo scanner moves a new tip-sample distance and the scan is repeated along
the same line, as is depicted in Figure 2.7. By this way, normal and lateral forces
images are recorded simultaneously during the scanning, generating two sets of
3-dimensional images: a pair of normal force (left and right scan) and a pair of
lateral force (left and right scan) images, as shown in Figure 2.7(b) and 2.8 (a, b).
The lateral force image, exhibits opposite contrasts in the forward and backward
scans. When a horizontal profile of the forward and backward scans of the lateral
force images are plotted together (see Figure 2.8(d)), a friction loop is formed at
the selected z distance of normal force F,,=(X, z). The net friction is taken to be
the half of the difference of the forward and backward scans of the friction loop.
By doing this, over the entire lateral forces images a friction map is obtained as
shown in figure 2.8(c). By means of a friction map, different friction regions can

be deduced.

e 3D modes for transport measurements: these data acquisition were performed over
a single point on the explored surface, that is, the lateral scan movement is disable,
being the fast scan direction the bias voltage applied to the tip (X;=V), while
the slow scan direction is the piezo movement in the vertical direction (Y;=z),
in this case, the voltage is varied at each tip-sample distance. The magnitudes
under study are the current flowing between the conducting tip and sample (I)

and the normal force (F),).

2.3 Sample Preparation

We used glass substrates coated successively with a 50A thick layer of chromium and
200nm thick layer of gold purchased from Arrandee™and atomically flat Au(111) surfa-
ces epitaxially grown on mica and purchased from Georg Albert PVD-Beschichtungen
(Heidelberg, Germany). Polycrystalline Au substrates prepared by evaporating 5nm
buffer layer of titanium (99.8%, Chempur) and subsequently 100 nm of gold (99.9%,

Chempur) onto polished silicon-wafers (Wacker silicone) at room temperature in an eva-
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Figure 2.7. (a) 3D SFM topographic image of MMTA islands on gold substrate and
(b) Fp=(X, z) recorded on a single line by using 3D modes. The normal force image
looks the same in both forward and backward scans. Inset: force-distance curve obtained
from vertical gray line.
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Figure 2.8. Lateral force images acquired by means of 3D modes. LF (X, z) forward
(a) and backward (b) are used to obtain a friction map (c).
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poration chamber operating at a base pressure of about 10~ mbar were also employed

and generously supplied by Prof. C. Wéll group from Ruhr-Universitdt Bochum.

2.3.1 Gold Substrates Preparation

Gold surface has been chosen because it forms a strong bond with the thiol group
(-SH) used as the headgroup; in addition, the gold is an inert metal in air compared to
others, such as cooper or silver. In common with other close-packed metals the (111)
surface is the most thermodynamically stable. For clean gold surfaces in (111),(100) and
(110) planes, the surface energies of the three high index surfaces have been reported
as 0.05 eV/A2, 0.08 eV/A? and 0.100 eV/A? respectively.

Gold substrates from Arrandee™were soaked in piranha solution (HSO4:H20s;
3:1) for 20 minutes and taken out to be rinsed with Milli-Q water and finally dried
under a stream of nitrogen. Afterwards, these substrates were annealed in a butane
gas flame for several seconds to get large terraces of about 0.4um to 0.8um width
and orientation Au(111). The Au(111) on mica substrates were not immersed into
piranha solution, but were stored in a small container with Argon as-received until the
adsorption experiments were carried out; some substrates were annealed in a butane
gas flame also to obtain large terraces prior to the experiments. Gold onto polished
silicon-wafers were exclusively immersed into piranha solution for 20 minutes and rinsed
with enough Milli-Q water and dried with a stream nitrogen.

All gold substrates were observed in our microscopes previously to the immersion
in thiol solutions. Measuring in lateral force mode allows enhancing atomic lattice
resolution as shown in Figure 2.9 for the Au(111) surface. This mode has been used to
calibrate the piezo scanner for small scanned areas and to study the molecular order of
the MMTA organic layer. The monoatomic steps of known height (0.235nm) are used
to calibrate the vertical displacement (see Figure 2.10) whereas lattice-resolved images
of the hexagonal periodicity (a4y—4,=0.289nm) are used to calibrate the lateral di-
mension. The high lateral resolution force images show the so-called stick-slip behavior
revealing the periodicity of the atomic lattice of the surface and being extremely useful
for surface structural characterization.

Large terraces are normally achieved after some minutes of annealing, when samples

are heated to the point where a dim reddish/orange glow is observed on the gold surface.
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Figure 2.9. High resolution lateral force images measured on a flat terrace of gold (a,
b) are shown. Inset in (a) shows the hexagonal symmetry by means of 2D-Fast Fourier
Transformed (2D-FFT) filtered image. Profile in (c) taken along the line in (b) shows
the periodicity (2.89A) on the Au(111) surface.

Figure 2.10. Gold surface Arrandee image after annealing (a) and Georg Albert PVD
gold substrates (b, ¢) mentioned in the text. Derivative image (a) from topography
of gold on glass shows the lateral grain size larger than 400nm with larges terraces
separated by monoatomic steps of 2.35A in height (b) (histogram). The topographic
image of gold on mica with monoatomic steps after annealing with butane gas flame is
presented in (c).

This process induces the formation of large grains and contamination free surfaces;
despite the roughness due to the deep grain boundaries formed, the surface of the

grains consists of flat terraces separated by monoatomic steps.
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2.3.2 SAMs Preparation

Self-Assembled Monolayers(SAMs) can be spontaneously formed on substrates by
adsorption from solutions as well as evaporation methods. During this work, self-
assembled monolayers were mainly prepared by immersion; however, the drop casting
method was also used for MMTA aromatic thiols on gold substrates as well as stearic
acid on nanostructured bifunctional terminated Sr7TiOs substrates. Other strategy to
obtain SAMs on gold surfaces was by means of the so-called “soft lithography” micro-
contact printing pCP technique. The immersion of substrates in thiol solutions for short
(seconds) or longer times (days) at room temperature and appropriate concentrations
were manly employed. For SAMs prepared at low concentration (below 2uM), longer
immersion times are required to form a dense SAM. Immersion times for SAM formation
is 10 - 24 hours, where the physisorption process on the gold surface takes a few minutes
and the chemisorption process to organize and form an ordered layer takes several hours.

In order to minimize contamination by exposing the substrates and samples for long
times to the environment conditions, fresh samples were immediately studied under
a nitrogen environment, as described in section 2.2. Molecules employed to organize

self-assembled monolayers on substrates typically consist of three parts:

1. A headgroup which is anchored to the substrate immobilizing the molecules via
chemical interaction between the headgroup and the substrate. The headgroups
that bind to specific metals, semiconductors or metal oxides comprises a wide
variety, i.e. thiols (-SH) bind to gold via a S-Au or to silver via S-Ag bonds,
carboxylic acids bind to silver by means of an ionic COO~ Ag™ interaction or
adsorbates with a carboxylate function on oxide surfaces, whereas organosilanes

bind to hydroxylated surfaces by means of Si-O interaction.

2. A backbone or spacer that connects headgroup and end-group. The backbone is

mainly responsible of the intermolecular interactions and orientation or packing.

3. The end-group localized on the outer surface of the film. Several functional
groups have been employed to achieve different surface properties such as carboxyl
(-COOH), methyl (-CHs), thiol (-SH), hydroxyl (-OH), porphyrines (-NHgz) or
trifluoromethyl (-CF3).
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Like n-alkanethiols, the aromatic thiol SAMs formation process can also be described

as a two-step mechanism:

e a fast adsorption step.

e a much slower ordering step. The kinetics of this step is governed by the interchain

interactions.

The following equation describes the first step:
1
X —Ph—Ph—SH(sol) = X ~Ph—Ph—SH-Au, = X~ Ph—Ph—S" Au*-Au, + 5 Hy (2.29)

Liao and co-workers have studied the adsorption kinetic of functionalized-4-mercapto-
biphenyls on gold surfaces by using the Quartz Crystal Microbalance (QCM) technique
[42]. Their results suggested that the first step occurs within the first few minutes and
proposed the lattice-gas adsorption model providing much better fits to experimental
data than the Langmuir isotherm model used for alkanethiols. The kinetics of the first
step is a physical and chemical adsorption process governed by the surface and the
headgroup interaction. The Langmuir isotherm model assumes there is no interaction
between molecules and fits the adsorption kinetic of n-alkanethiols on gold surfaces
successfully [43]; however, the model fails for aromatic thiols. The lattice-gas adsorption
model takes into account the interaction between neighbor molecules indicating from fits
that repulsive interaction between aromatic thiol molecules dominate over the attractive

van der Waals forces.

2.3.3 Solutions Preparation and Protocols

Samples were prepared by immersion in thiol solutions for a wide range of immersion
times from few seconds until several days. The immersion time and the concentration
of the solution as well as the solvent employed allow obtaining monolayer or multilayer
structures. The range of the concentrations employed vary from 0.05uM to 100uM,
being the most relevant at 2uM and 100uM. All fresh samples were thoroughly rinsed
with the appropriate solvent (ethanol, acetic acid, tetrahydrofuran THF) and dried
under a stream of nitrogen. Additional strategies were performed for every protocol
of samples preparation to obtain possibles morphological changes of the organic films,

such as:
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e immersion process without annealing
e annealing samples in furnace

— under controlled Ny environment
— in air
e annealing the solution 4 samples in a hot plate

e annealing the solution + samples within a thermal bath

We used a furnace in which it was possible to control the nitrogen environment by using
two programs. The first one, with annealing rate of 120°C - h~! and final temperature
of 370°C and the second one, with annealing rate of 200°C - h~! and final temperature
of 190°C, both with a nitrogen stream of 12cc-min~—!. The sublimation temperature
of 375.85°C (649 K) for p-terphenyl was taken into account for all experiments with
post-annealing [44].

2.3.3.1 Ethanol Solutions

0.9ug of MMTA powder was diluted in 25ml of ethanol PRS (99.5%) from Panreac
or ultrapure Romil SpST™ (99.8%) super purity solvent. Sonication was necesary for
20 minutes or more, because the organic material is hardly diluted. By doing this,
concentrations of 100uM were obtained. However, saturated solutions were filtered by
using Whatman filter papers No.42 maintaining always the established concentration.

More diluted concentrations were prepared from 100pM.

2.3.3.2 Ethanol plus Acetic Acid Mixture Solution
For this case, diluted ethanolic solution 2uM was obtained from the initial 100uM.

Mixture solutions were obtained by adding 5% or 10% of acetic acid of the total volume.

2.3.3.3 Acetic Acid Solutions
For solutions by using acetic acid, the ultrapure Romil SpSTM (99.8%) super purity
solvent was employed. To obtain a concentration of 100uM as before, 0.9ug of MMTA

powder was diluted in acetic acid. More diluted solutions were prepared from the initial
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2.4 Patterning Gold Surfaces by using uCP

100pM. Sonication for 20 minutes or more was required; saturated solutions under this

protocol were also filtered with a syringe filter type PTFE 0.2um.

2.3.3.4 Toluene and THF solutions

The tetrahydrofuran (THF') solvent was obtained directly of the MBrawn solvent pu-
rification system MB-SPS-800, whereas the toluene (HPLC grade) solvent was supplied
by Panreac Quimica and used as received. Solutions using toluene or tetrahydrofuran
(THF) as solvents have been prepared by diluting 0.9ug of MMTA into an afforated
volumetric flask of 10ml or 25ml. Once the solution in toluene or THF was prepared
a sonication process for 15 minutes was performed. Depending of its appearance the
sonication time was prolonged to 30 minutes. Saturated solutions under this protocol
were filtered with a syringe filter type PTFE 0.2um. More diluted solutions were

obtained starting from the 100uM concentration.

2.4 Patterning Gold Surfaces by using 1 CP

Microcontact Printing (uCP) is one of the first and maybe the most important
technique in Soft Lithography. An elastomeric stamp is formed from a solid template or
master. Molecules are immobilized to this stamp by inking techniques and subsequently
transferred to a substrate by printing. yCP technique was developed in Whitesides s
group making elastomeric stamps of poly(dimethylsiloxane)(PDMS) by replicating a
relief of a master by inking molecules into the surface which are then transferred to the
substrate by contact [45, 46].

Several approaches have been developed in the group of Whitesides such as Replica
Molding (REM) in which an elastomeric stamp duplicates the information, i.e. the
shape, the morphology, and the structure present in a master. It also allows duplication
of three-dimensional topologies in a single step, whereas photolithography is not able to
replicate such structures [47]; Micromolding in Capillaries (MIMIC) or Inverse Micro-
contact Printing [48] where the stamp is placed on a substrate and then the resulting
channels are filled with a material, which is molded onto the substrate; Solvent-assisted
Micromolding (SAMIM) in which the solvent is placed into the suppressions of the
stamp. A substrate carries a polymer sensitive to this solvent and after bringing both

into contact the solvent removes the polymer in the suppressions [49] and Microtransfer
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2.4 Patterning Gold Surfaces by using uCP

Molding (¢TM) in which microstructures are formed by filling microchannels on the
surface of an elastomeric mold with a liquid precursor, and then bringing the mold
into contact with a planar or contoured substrate. The liquid precursor is caused
to solidify in situ either thermally or photochemically. The elastomeric mold is then
peeled away, leaving the resulting microstructures on the surface of the substrate [50].
Nowadays, new replication process for microstructures [51, 52] using soft lithography
have been introduced to be applicable various fields as microfluidics, optics, as well as
the semiconductor industry.

The idea to transfer polar molecules into the gold surfaces to obtain patterned areas
has had relevant difficulties. It has been necessary to find the appropriate solvent to
dilute the molecular compound and to avoid any damage of the polymeric stamp or to
find an easy method to transform a hydrophobic into hydrophilic surface.

The solubility of Mercapto Methyl-Terphenyl carboxylic Acid (MMTA) is low when
we used ethanol, for this reason we follow a protocol using others solvents as acetic acid
or toluene. However, stamps of Poly(Dimethylsiloxane) PDMS can be swelled using

3/2 For two materials

solvents with solubility parameter near to § = 7.3 cal'/? cm™
to be soluble, their cohesive energy densities must be similar, since this energy must
be overcome to separate the molecules of the solute to allow the molecules of solvent
to insert. Ethanol and water are considered as low solubility solvents generally have
6>9.9 cal'/? em—3/2, whereas toluene can be considered as highly soluble § = 8.9 call/?

Cm—3/2

. A list of solvents are shown in Figure 2.11 from [53], these are numbered in
order of decreasing swelling ability(i.e. “1” has the most swelling ability and “38” has
the least swelling ability. The dashed line shows the solubility value of PDMS (6= 7.3
cal'/2 cm =3/ 2). By using solvents close to PDMS solubility parameter, a greater degree

of swelling or damage of the polymer is observed.

2.4.1 Patterned MMTA Surface with Poly(dimethylsiloxane) PDMS

The central process in uCP technique is the conformal contact between the flexible
elastomeric stamp (PDMS) and the substrate, which transfer the molecular ink onto
the surface. The mechanical properties of the stamp are crucial to obtain excellent
pattern transfer; moreover, polar inks, do not spontaneously wet the elastomeric stamp

and surface hydrophilization of PDMS stamps is required for microcontact printing.
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Figure 2.11. Relationship between swelling ratio (Log(S)) of PDMS in various solvents
and the solubility parameter ¢ of the solvents. These are numbered in order of decreasing
swelling ability where a greater degree of swelling is observed with solvents that have
a value of § similar to that of PDMS.

Polydimethylsiloxane (PDMS) stamps were fabricated by using Sylgard 184 Silicone
Elastomer and curing agent (Dow Corning, Germany) in a 10:1 weight ratio. During
the process, several cycles of vacuum were performed to eliminate bubbles of air in
the compound and then this compound was poured onto a silicon master. After curing
at 60°C for 16 hours, the PDMS template was carefully removed of the surface of
the master obtaining round microstructures of 2um, 3um and 5um in diameter and
squares of 3x3 pm?. Taking into account the hydrophilic character of the MMTA
molecule and the hydrophobic character of the PDMS stamp due to its repetitive che-
mical structure[—Si (CHs), — O—], several strategies to modify the stamp surface were
followed. A way to modify this characteristic is exposing the surface to oxygen plasma

which introduces silanol (Si — OH) groups destroying the methyl groups (Si — C'Hs)
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2.4 Patterning Gold Surfaces by using uCP

and leading to a hydrophilic surface [54]. Stamps treated of this way, can be stored
in water or polar organic solvents keeping their hydrophilic character [53]. To increase
the hydrophilicity of our stamps, we stored the PDMS stamps in MilliQ(18MS2, 1ppm)
water for several days without using additional treatments. Some works have suggested
to use surfactants such as Triton X-100 or Sodium Dodecyl Sulphate (SDS)[55, 56]
previously the ink hydrophilic proteins to the stamps and so to increase the transferring

of proteins into the surface.

»
POMSEE. . T
iy - L & *-|. B
QD O
Master Pattern PDMS stamp Inking by drop-casting
e —_— —_—
Drying Conformal contact SAM formation on Au substrate

Figure 2.12. Schematic of the microcontact printing pCP process. The relief patterns
of the silicon master are transferred as negatives to the PDMS stamp.

The steps for patterning surfaces with pCP technique are depicted schematically
in Figure 2.12. The more important step is the conformal contact between the PDMS
stamp and the surface. The first step replicates the relief of the silicon master, then this
system is cured and peeled off from the master. Drop-casting or wet inking method,
denotes the transfer of the aromatic thiol from a solution of ink in which is deposited on
the surface of the patterned PDMS. Once the stamp has been inked (by drop-casting
or immersion methods) and dried, the elastomeric stamp is then briefly pressed against
the gold substrate via mechanical contact, and the molecules transfer from the stamp to
the substrate where they self-assemble into patterns determined by the relief patterns of
the stamp. PDMS stamps were soaked in 2uM (ethanolic, toluene) solutions of MMTA

for few seconds, below 1 minute, to avoid the swelling on the elastomeric stamp. By
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2.4 Patterning Gold Surfaces by using uCP

drop-casting method, only a drop of solution was poured on topmost on the patterned

relief.
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CHAPTER 3

STRUCTURAL AND MORPHOLOGICAL
CHARACTERIZATION OF ORGANICS
FUNCTIONAL SURFACES

3.1 Introduction

It is known that both, the headgroup-substrate and intermolecular interactions play
an important role in SAMs formation. Zharnikov et al. [57] elucidated the relative
importance of these interactions using NEXAFS and Photoelectron Spectroscopy for
aliphatic and aromatic thiol-derived SAMs. Their results revealed that the headgroup-
substrate interaction for alkanethiols play a dominant role for the structure and packing
density, whereas for aromatic thiols SAMS, the main role is due to the intermolecular
interactions.

The anchoring of sulfur atoms on the gold surface defines the free space available for
the molecular assembling. SAMs of alkanethiols (CH3(CHz),SH) on Au(111) surfaces
have been previously studied by several experimental techniques such as scanning
tunneling microscopy [58], infrared (IR) spectroscopy [59], electron [60] and X-ray
diffraction [61]. As result of these studies is that, the monolayer adopts a commensurate
(v/3xv/3) R30° structure of absorbed molecules with an intermolecular spacing of 4.97A
and estimated an area per molecule of 21.4A2% and average tilt angle in a range of
28° — 40° from the surface normal.

Although the exact adsorption site and the amount of charge transfer is still debated
in the literature, a large number of adsorption models have been proposed describing the
sulfur-gold interaction of alkanethiols on Au(111). First models assumed the adsorption
of the sulfur head atom at the fcc three-fold hollow-site [62, 63], the 2-fold bridge-site
of the substrate [64] or the so-called bri-fcc site (shifted from the bridge site towards



3.1 Introduction

the fcc site) [65]. Recent findings proposed a mechanism including single gold adatoms
as an important component in the thiol binding mechanism [66, 67, 68]
Figure 3.1 shows the FCC structure for metal and the (v/3x+v/3)R30° and p (3 x 2v/3)

structure commensurate for alkanethiol on Au(111) surface.

Figure 3.1. a) Face cubic centered FCC structure of gold and b) sulfur atoms of alka-
nethiols show a (\/3 X \/§)R30° structure commensurate with the underlying Au(111)
and the p (3 x 2v/3) superlattice and usually written as ¢ (4 x 2). The nearest-neighbor
(NN) and next-nearest-neighbor (NNN) direction of the Au(111) have been marked.

Structural studies of aromatic molecules based on benzene, biphenyl, oligophenyl
and oligophenylethynyl thiols adsorbed on Au(111) have revealed that the molecular
chain orients on the substrate with a slightly smaller tilt angle than alkanethiols and
the herringbone-shaped structure seems to be the most common structure measured
from these thiol molecules [69, 70, 71, 7, 72, 73, 74].

The average molecular tilt angle of 28° for the terphenylthiol and terpenylmethanet-
hiol (TPT, TPMT) SAMs was found by NEXAFS! and IRRAS? data [70] and (2844)°
and (2444)° by IRRAS[75] in the case of MMTAS3.

'Au(111) immersed in 10uM ethanolic solution for a period of between 15 and 24 hours at room
temperature.

2Gold substrates immersed into ethanolic solution at 62°C (335K).

3By immersing the Au(111) substrates for 24 hours in 100uM ethanolic and THF solutions.
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Figure 3.2 shows the molecular lengths for terphenyl (T'P,, n=1-3) and MMTA
molecules by considering a tilt angle of 20° [76]. Early studies carried out on COOH-
therphenyl-methanethiols (Carboxy Terphenylmethanethiol, CTPMT now MMTA) in
ethanolic solutions by means of NEXAFS and XPS spectra have shown an average tilt
angle for molecular axis of 17°£5° from the surface normal and thickness of 3.4+0.3 nm
and 1.8nm, corresponding to the presence of a double and a single layer, respectively[77].

Arnold et al.[75] determined the thicknesses of 1.96nm and 3.29nm (monolayer and
bilayer) for MMTA SAMs in ethanolic and THF solutions from the intensity ratios
of the Au 4f to the Cls excitations XPS spectra, respectively. A possible discrepancy
between thickness found and the 1.6nm expected thickness for single layer can be due

to environment contaminants adsorbed on the surface [78].

a) MNTA b] TP1 €] TP2 di TP3
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Figure 3.2. Single conjugated molecules systems of a) mercapto-methyl-terphenyl
carboxylic acid (MMTA); b) terphenyl-methanethiol (TP1); ¢) terphenyl-ethanethiol
(TP2) and d) terphenyl-propanethiol (TP3).

3.2 Self-Assembled Monolayers and Crystalline
Structure of MMTA on Au(111)

In this section we present a study of the formation, structure and morphological
changes of the mercapto-methyl-terphenyl carboxylic acid (MMTA) SAMs on gold
substrates and the effects of the chain alkyl, the immersion time and after annealing

within a variety of samples by using different solvents.
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Friction Force Microscopy (FFM) and indentation experiments have been used to
identify the carboxylic (-COOH) and thiol (-SH) end groups of low and tall islands
obtained after annealing. Lastly, the uCP technique is employed to pattern the gold
surface with the polar MMTA molecules.

3.2.1 Effect of the Alkyl Chain

The adsorption process of self-assembled monolayer of conjugated molecules have
been recently studied such as Terphenyl (TP) and Biphenyl (BP) derivatized thiols.
Molecular mechanics calculations performed by Sabatani et al. [79] with the aroma-
tic compounds p-biphenyl mercaptan (BPM) and p-terphenyl mercaptan (TPM) and
experimental observations by Tao et al. [80] suggested that BPM and TPM SAMs on
Au(111) may contain large zones of a (v/3 x v/3)R30° structure when a methylene
unit inserted between the phenyl ring and the thiol headgroup was present. Systematic
investigations carried out by Azzam et al. [81, 82] by using STM and IRRAS and LEED
revealed that different SAMs* (TP,,, n=1-6; BP,,, n=3 and 4) on Au(111) substrates
were found to adopt different lateral structures for different solvent temperatures (see
Table 3.1) and the influence of the spacer chain on the structure. The molecular films
of odd-numbered TP,, and BP,, revealed a (2v/3 x v/3)R30° arrangement.

Heister et al. [6] used synchrotron-based high resolution X-ray photoelectron spec-
troscopy (HRXPS) to study the SAM-metal interface and odd-even effects in the
aliphatic chain of the biphenyl-substituted alkanethiols (BP,, n=1-4) on Au(111) and
Ag(111) substrates. Their results on Au(111) revealed that these effects occurs with
the length variation of the aliphatic part in the BP, molecular film and related to
periodical change in the packing density and tilt angle of the film.

Similar investigations were carried out by Frey et al. [71] on SAMs formed from
thiophenol (TP), biphenyl-thiol (BPT), Terphenyl-thiol (TPT) and anthracene (AnT)
on polycrystalline Au and Ag substrates by means of X-ray photoelectron spectroscopy
(XPS) and NEXAFS spectroscopy. The studied systems do not have the alkyl chains

between the thiol group and the aromatic ring and, from their results the average

4BP3 and BP4 were prepared in 100uM ethanolic solution for 24 and 48 hours whereas TP,
monolayers were obtained in ethanolic solutions (2.5uM) for 24 hours.
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Au(111)

Thiols Structure Structure

at Q298K at Q333K
TP1  (2v3 x V3)R30° (2v/3 x v3)R30°
TP2  (2v3 x v/3)R30° ¢(5v3 x 3)
TP3  (2v/3 x v3)R30° (2v/3 x v/3)R30°
TP4  ¢(5v3 x 3) c(5v/3 x 3)
TP5  (2v3 x v3)R30° (23 x v/3)R30°
TP6 c(5v/3 x 3) c(5v/3 x 3)(e)
BP3  (2v3 x V3)R30° (2v3 x v3)R30°
BP4 (5v/3 x 3)rect (5v/3 x 3)rect

Table 3.1. Structures adopted by the TP, and BP, SAMs by using two different
preparation temperatures. Adapted from [81, 82].

tilt angle for TP, BPT, TPT, and AnT SAMs were 49°, 23°, 20° and 23° in the case
SAMs/Au, whereas 24°, 18°, 16° and 14° in the case SAMs/Ag. On both Au and
Ag substrates, the average tilt angles for TP, BPT, TPT revealed that the molecular
orientation becomes less tilted with increasing length of the aromatic chain assuming
that the intermolecular forces responsible for self-assembling become stronger with

increasing number of aromatic units.

3.2.2 Islands and Coverage Analysis

In recent years SAMs have attracted significant attention due to their technologi-
cal promise in areas that involve surface modification and patterning. Experimental
evidences suggest that the molecular layer generally forms via stepwise process, where
two-dimensional clusters of close-packed, vertically oriented molecules, nucleate, grow
and coalesce from a less dense surface phase [83, 84]. By performing analysis of several
topographic images of samples with the thermal treatment, we observed aggregation
and formation of cluster of single molecular layer as well as the presence of multilayer
regions. The existence of islands showing a range of heights represent an image analysis
tremendous cost, moreover very short islands may not be recognized in the island
counting procedure. Therefore, we have taken each image and established a cutoff

threshold of 1.85nm to determine the height range for the low islands. By doing this,

40



3.2 Self-Assembled Monolayers and Crystalline Structure of MMTA on

Au(111)

we determine coverages using the flooding method on topographic images for different

height values.
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Figure 3.3. (a, b) Flooding analysis of MMTA islands on Au(111) after immersing
in a 100uM acetic acid solution of MMTA for 17 hours and after annealing at 100°C
for 16 hours. (a, b) Percentages of flooded and non-flooded areas versus the flooding
height (Zf004). Right: original and flooded AFM topographic images (blue level with

Z flo0d=1.85nm).

Figure 3.3 shows the flooding analysis of MMTA islands on Au(111) after immersion
in a 100puM acetic acid solution of MMTA for 17 hours and after annealing at 100°C for

16 hours (a, b) for two different samples. The SFM topographic images were analyzed

using WSxM software 4.0 develop 12.21 [26] to estimate coverages by means of flooded

and non-flooded areas, as well as a possible morphology of the low islands. Flooded and
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emergent areas versus flooding height (Z f100q), percentages (%) vs. Z fi00q Were analyzed
through the 0.6 x 0.6 um? images. It is worthy to note that images of the Au(111) on
mica showed monoatomic steps of heights of two atomic planes (0.47nm). Considering
small and flat areas of substrate (without monoatomic steps) flooding measurements

were carried out.

Then, denoting as h the height of the non-flooded islands and varying the flooding
height Z 1,04, We can estimate the non-flooded area of the low as well as tall islands.
Bare gold substrate less than 3% was measured by taking Zf;,0q = 0.420.15 for several
images within small areas (0.6 x 0.6 pum?). The percentage of Au(111) covered by
low islands for cutoff threshold of 1.85nm is about 45% for long immersion times and
after annealing. The lateral size of the tall islands obtained for 17 hours of immersion
revealed dimensions of 350+50 nm, three times longer than the lateral size of tall islands

obtained for 30 minutes, both after simultaneous annealing.

Figure 3.4 shows the area estimation and percentage of low islands when the to-
pographic image of 60x60 nm? of the marked region in (b) is flooded in a controlled
mode. SFM topographic image of a gold surface after immersing in a 100uM acetic acid
solution of MMTA for 30 minutes and after annealing at 100°C for 16 hours is shown
in (b).

The height value of 1.640.15nm for the low islands measured from topographic
images has been taken into account to establish the threshold height of 1.85nm. A
percentage of about 7% of non-flooded area of the low island is measured for the
threshold height. A closer inspection on the scatter plots, we observe that as the flooding
height (Zi004) increases, the non flooded area as well as the percentage (%) of area
decreases of a non-linear way. This negative non-linear trend will be analyzed by means
of known geometries such as the cone frustum and a ellipsoid body. Zones with bare

gold substrate was measured less than 2%, as described before.

Figure 3.5 shows the percentages of flooded area and non-flooded islands as well the
non-flooded area as a function of the flooding height. By taking the 0.6x0.6 ym? SFM
topographic images, we obtained the percentage of flooded area (coverage) around of
35% of the low islands in cutoff threshold of 1.9nm and the non-flooded area of 65%

for bilayer islands with lateral size of 90nm.
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Figure 3.4. Coverage analysis of MMTA low islands on Au(111) after immersing in a
100uM acetic acid solution of MMTA for 30 minutes and after annealing at 100°C for
16 hours. Non-flooded area and percentage of the low islands versus the flooding height
(Z t100d) obtained from marked region in (b).
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Figure 3.5. Flooding analysis of MMTA islands on Au(111) after immersing in a
100uM acetic acid solution of MMTA for 30 minutes and after annealing at 100°C
for 16 hours. Percentages of flooded and non-flooded area of the islands versus the
flooding height. Right: original and flooded AFM topographic images (blue level with

Z flo0d=1.9nm).
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Figure 3.6 shows the flooding analysis performed for the samples prepared from
toluene solutions of MMTA in 100uM and 2uM for long immersion times and after
annealing. Flooding analysis performed in topographic image (0.65x0.65 ym?) (a)
without annealing, gave &~ 20% of bilayers on the Au(111) substrate for cutoff threshold
of 1.85nm. Above this height, a almost constant trend is observed for percentages and
the non-flooded area. Could indicate this fact a different morphology for MMTA islands
for different solutions?. The topographic iamge of (0.65x0.65 ym?) in (b), the low
concentration and long immersion times with the thermal proces revealed a 35% of the
Au(111) covered with low islands for the threshold height of 1.85nm and tall islands

with lateral dimensions of about 100nm.
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Figure 3.6. Flooding analysis of MMTA islands on Au(111) after immersing in a
100M toluene solution of MMTA for 20 hours (a) and 2uM for 20 hours after annealing
at 120°C for 24 hours (b). (a, b) Percentages of flooded area and non-flooded islands
versus the flooding height. Inset: SFM topographic image without annealing (a) and
after annealing (b).

Au(111) substrates after immersing in acetic acid and toluene solutions of MMTA
and annealing have shown bilayer formation. Larger areas of tall islands have been
obtained for longer immersion times and after annealing of about 70%. By comparing
the results of coverage in Figures described above, we found the same non-linear trend
of the curves below the threshold of 1.85nm, range of heights, in which the low islands
have been flooded.

The thermal treatment at 100°C induced morphology changes on the molecular

film of MMTA forming low and tall islands on Au(111) that expand laterally. From
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flooding analysis of these samples, bare gold substrate (~2%) was estimated, which it
makes minimum the distances between the low islands to coalesce into laterally larger
islands. In order to understand the experimental evidence described above, we analyzed
the morphologies of the low islands by idealizing their morphologies as formed by an
representative geometry. The first approximation is a cone frustum denoting the upper
radius r1, the lower radius ro, the non-flooded height A and the height of side face g, as

shown the cartoon in Figure 3.7(a, right). The surface area (S) of the cone frustum is

S=m(ri+r)\/(rs —r)>+h2+7(r)? +7(r2)? (3.1)

By replacing h = k - Zfjo04, being k a positive arbitrary constant (i.e the total height

given by

of the low islands), then we observe the negative trend of the curve in (a). For Zfp0q
values below £ the area decreases as Zfjyoq increases. If Z j,,4=0, then we measure the
maximum area of the cone frustum. Each new flooding value implies new values of ro
in which we approximate as dry = ra(k - Zfi004)/ k, following proportionality between
triangles. However, the non-linear trend observed do not corresponds to the flooding
curves below 1.85nm.

The second approximation is by means of a quadratic surface type ellipsoid. The
equation of a standard axis-aligned ellipsoid body in an zyz- cartesian coordinate system
is % + % + i—; = 1, where a, and a, are the transverse radii and c¢ the polar radius
(along the z-axis). If all three radii are equal, a; = a, = c, the solid body is a sphere;
if two radii are equal, a, = a, > c, the ellipsoid is an spheroid 5. The equations 3.2

and 3.3 represent the surface area (S) of a spheroid, prolate and oblate respectively.

S_W.a.c{arcsinm—arcsinq_i_a_(l_h)ﬂ}
c

m c
2
m = l—a—2 (3:2)
c
h a?
—(1-2%/1- 2
¢=(1-") 2

where m is the ellipticity of the prolate spheroid.

% if a; = ay, > c, is an oblate spheroid; if a, = a, < c, is a prolate spheroid. For three unequal sides,
az > ay > c, is a scalene ellipsoid.
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Figure 3.7. Possible morphologies of the low islands after annealing treatment. (a)
Cone frustum model (right) and simulated curve of the surface vs. flooding height
(Z t100a) (left). The h value represents the height of the non-flooded island. (b) Ellipsoid
body : prolate spheroid (right, top) and oblate spheroid (right, down). Data from
flooding measurements are fits to the oblate spheroid model (upper cap) for a range of
flooding below 1.85nm. Semi-axes and height are shown as a, b, ¢ and h, respectively.
Legend in (b) indicates the experimental data from flooding (black box), the predicted
curve (red line), and the upper and lower confidence interval.
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Assuming that the low islands follow the same morphology with ¢ < a= b, a
spheroidal model is an acceptable approximation for low percolated islands. Taking
into account this constrains we used the approximated formula for any spheroidal body

given by Knud Thomsen ‘s Formula © as,

5This approximation has been discussed and analyzed by Mathematician David W. Cantrell in
sci.math newsgroup. Knud Thomsen’s formula for the surface area of a general ellipsoid yield a relative
error of 1.061% if pa~ 1.6075. Discussion and analysis can be followed in http://www.numericana.com/
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(3.4)

§ o dr <a’§ga§ + abc? + achJ)i
3
In this case, we only analyzed the upper area of the spheroidal cap. The surface area
(S) of the spheroidal cap is given by the semi-axes a, b, ¢ and and the height h of
upper cap (non-flooded area), as shown in Figure 3.7(b, right) for prolate and oblate
spheroids. We simulate the curve in agreement to the equation 3.4 for a half surface
area (upper hemisphere) of the non-flooded spheroidal cap, as shown in inset (b, left
down). By doing this, we focused on the rate of change of spheroid s area with h =
(1.85-Zf1004)P™. The surface area decreases as Zyjooq increases, then by applying the
chain rule to surface area S, (% : deZZ —

of Z 1004, where n value allows modulate the ¢ value. By taking only the area of the

), we obtain the surface area as a function

cap (excluding the base) we observed a better non-linear fit of the data (3.7, left top)
from flooding performed in Figure 3.4. For a value of Z ;,q=0, the surface area (S) is
maximum, then h = ¢, where ¢ = 1.85 nm is the cutoff threshold or the total height
of the cap. The fitting results show the raw data (black box), fitted curve (red line)
and the 95% conficence intervals (upper and lower CI) for the predicted response of
single observations. Expected radii ¢ and b are below 20nm that corresponds to the
lateral dimensionns of the low islands, with n = 0.76. Floding data from figure 3.3
below 1.85nm were also fitted with expected radii of ¢ = 5nm, b = 55nm and ¢ =
1.85nm, whith n = 0.69, as shown (3.7 b, left down). Non-linear fitting was performed
using the commercial software Mathematica 5.1 [85].

From physical parameters such as radii and height obtained from fits suggest that
the low islands follow a morphology as a ellipsoidal surface, the oblate spheroid. Al-
tough, the AFM artifacts (tip-sample convolution) is an inherent feature of SFM images,
the ultra-sharp silicon tip employed during experiments (radii ~ 5nm) reduces the

effect.

3.2.3 Influence of the Solvent, Concentration and Immersion Times
It is shown that very well ordered monolayer films of alkanethiols can be obtained

by immersion in ethanolic solution. However, because of the low solubility of aromatic

answer/ellipsoid.htm#thomsen.
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derivatives, longer immersion times and elevated concentration values can lead to a
possible formation of multilayers on the substrate. In the present work, we show the
influence of these parameters on the molecular film for samples prepared at room

temperature and then the thermal treatment.

3.2.3.1 Morphologies from Tetrahydrofuran Solutions
of MMTA

MMTA samples obtained in 100uM THEF solutions of MMTA were prepared to
study the morphological changes, structure and their electrical response prior to and
after annealing. Atomically flat Au(111) substrates previously described in section 2.3
were employed. Au(111) substrates were immersed in tetrahydrofuran (THF) solution
of MMTA for 30 minutes, then taken out of the solution and rinsed with the pure
solvent THF to remove physisorbed molecules.

By using THF solutions of MMTA, we observed low surface coverage for 30 mi-
nutes of immersion, so longer immersion times are needed for monolayer formation;
unlike other solutions with different solvents. This fact, reveals the importance of
the solvent used in SAMs formation, i.e. the terphenyl methanethiol (TPMT) and
carboxy-terphenyl methanethiol (CTPMT, nowadays MMTA) in ethanolic solution
for 24 hours form well-ordered monolayer or bilayers, whereas CTPMT bilayers of
3.440.3nm immersed into trifluoroacetic acid could form single layers thickness of
1.8nm, which it has been shown by means of XPS data[77].

Scratching experiments performed on the molecular film by using both Au(111) on
glass and mica allow measuring the molecular film thickness having the bare gold as
reference, as shown in Figures 3.8 and 3.9. The molecular surface in Figure 3.8 looks
rough and like percolated and there are no monoatomic steps visible (a) before and (c)
after scratching. Once done the scratching on the film, the height difference was found
to be 1.4+0.1nm from profiles taken on the film that could correspond to a single
molecular layer.

An homogeneous molecular film following the relief of the gold substrate can be
observed from Figure 3.9 and some monoatomic steps are visible. After scratching
the surface, and then re-imaging, the square scratched area can be seen that MMTA

molecules have been removed as material accumulation on the border and the under-
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Figure 3.8. Topographic images (a, ¢) show small cluster of islands like a percolated.
Cross-sectional profiles (b, d) allow to compare the island cluster heights prior to and
after scratching the molecular film, respectively. Au(111) on glass from Arrrandee was
used. Total z-scale: (a, ¢) 0-5nm.

lying monoatomic steps. Left and right sides of profile in Figure 3.9(b) reveal a height
molecular film of 1.3+0.1nm, by zooming in the scratched region, inset in (c), shows

three atomically flat terraces (2.38A ) of Au(111), as shown in (c).

3.2.3.2 Morphologies and Structure from Acetic Acid
Solutions of MMTA

Self-Assembled monolayers were prepared by using acetic acid solutions with con-
centrations ranging from 0.5 yM to 100uM for 30 minutes of immersion time. Low
coverages on the surface were observed in the range 0.5uM to 2uM, whereas at higher
molecular coverage (100uM) the Au(111) surface is hardly covered with the MMTA
molecules as shown in Figure 3.10. Topographic images (a, b, ¢) show MMTA molecules

adsorbed on Au(111) substrate, thus allowing to recognize the monoatomic step between
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Figure 3.9. SFM of a region scratched into a MMTA molecular film. (a) Topographic
image of MMTA molecular film on Au(111) on mica. (b) Left and right profiles show
an homogeneous molecular film following the relief of monoatomic gold terraces out of
the scratched area. (c) Profile on the monoatomic steps of the gold surface pointed out
with the dashed line. Total z-scale: (a) 0-17nm.

underlying terraces and some regions with defects like holes in the morphology in a lower
number, as observed for other thiol SAMs. Cross-sectional topographic line scan along
the molecular film in (c) shows that the depressions are around 0.3 nm, as shown in
Figure 3.10 (d).

Despite the difficulty for measuring the structure dimension of the samples prepared
for 30 minutes of immersion time, the corresponding high-resolution lateral force image
indicates the presence of a degree of lateral order and domains rotated by =120°
with respect to each other, reflecting the substrate symmetry (see Figure 3.11). High
resolution lateral force images (a, ¢, d) revealed that molecular domains exhibit an
oblique unit cell described with dimensions a = 1.05+ 0.5 nm and b = 0.554+0.03
nm, which suggest the (2v/3 x v/3)R30° molecular arrangement already reported for
odd-numbered terphenyls and biphenyls (TP,, BP,) SAMs on Au(111), as shown in
2D-FFT image (b).

For longer immersion times we observed high coverage of the substrate using 100uM
solutions of MMTA | instead of the molecular islands or 3D structures observed on

substrates soaked in ethanolic solutions of MMTA. Figure 3.12 (a, b) shows topographic

50



3.2 Self-Assembled Monolayers and Crystalline Structure of MMTA on
Au(111)

250 500
* (nm)

Figure 3.10. SFM images of MMTA on Au(111) after immersing in 100uM acetic
acid solution of MMTA for 30 minutes. Topographic images (a, b, ¢) show adsorbed
molecules on monoatomic terraces of Au (111) (a, b, ¢) and the presence of holes on
the molecular film. (d) Cross-sectional topographic line along the direction marked in
(c) reveals the size of holes.

images in contact mode and statistically representative of the morphology’s layers.
Cross-sectional profiles (c) taken on the molecular film in (b) revealed a height difference

of 0.24nm between consecutive Au(111) steps.

3.2.3.3 Morphologies and Structure from Ethanolic So-
lutions of MMTA

Figure 3.13 (a) shows large scan area SFM recorded for Au(111) on glass covered
with 3D-structures and monolayers of MMTA molecular film, formed after =~ 5 days
from 2uM ethanolic solution of MMTA. We observed three-dimensional structures

formed by several layers stacking (b, by zooming in the image a). A range of heights
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Figure 3.11. High-resolution lateral force images (a, ¢, d) for Au(111) substrates
immersed in a 100uM acetic acid solution of MMTA for 30 minutes. Some domains,
and directions can be observed and the unit cell of the (2\/§ X \/g)R30° structure can
be measured in 2D-FFT as well as high resolution lateral forces images. 2D-Fast Fourier
Transformed filtered image for the whole image in (a) is shown in (b).
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Figure 3.12. Topography (a, b) images of MMTA on Au(111) substrate immersed in
acetic acid solution at 100pM for 17 hours. Profiles in (c) show several height values for
the same organic layer. RMS roughness of 0.6 + 0.15 A was estimated on rectangular
areas in (a, b). Total z-scale: (a) 0-3nm; (b) 0-4nm.

from 1 nm to 30 nm were observed for some 3D-structures of the bilayer stacks, as

shown in (d) from profile taken in (b). Interestingly, small cluster of molecules on the
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Figure 3.13. SFM images showing the Au(111) surface after immersing in a 2uM
ethanolic solution of MMTA for ~ 5 days. Topographic (a, b) images of 3D-structures
and the image in (c) obtained by zooming in the molecular growth within the marked
zone in (a). Total z-scale: (a)0-78nm; (c)0-2nm.

substrate (c, by zooming in the marked zone in a) were observed with a height difference
of 1.0+£0.1 nm.

A closer inspection to the three levels of the multilayer surface (see Figure 3.14),
in particular the second level with height of ~ 20nm leads to observe an incomplete
formation of the layer. By taking a profile on this zone of the layer, one can measure
a height difference of ~ 1.6nm. This observation allow us to consider that each level
of the 3D-structure is formed by the stack and close-packed of molecules. Histogram
of heights performed on the colored topographic image of this structure revealed high
events close to 2.5nm, 12nm, 20nm, 25nm and 28nm, thus allowing to estimate the
forming of the second level of at least seven layers.

Figure 3.15 shows the morphological changes of fresh molecular films measured in
contact (a, b, ¢, e) and dynamic (d, f) modes. For few seconds of immersion times,
some characteristic of the first step of molecular adsorption can be observed, (i.e.
defects on the molecular layer, vacancies), whereas at least for 30 minutes an ordered
molecular film is formed due to their interchain interactions. Usually monolayers at low

concentration values (=~ 2uM) are obtained after 24 hours of immersion in ethanolic
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Figure 3.14. Topographic image (a) showing several levels of the 3D nanostructure.
Histogram represents the height distribution for those area, whereas a topographic
profile is drawn to show a height difference of ~ 1.6nm within the same level.

Figure 3.15. Morphological evolution into 3D structures. SFM topographic images
showing the Au(111) surface after immersing in a 100uM ethanolic solution of MMTA
for (a) 10s ;(b) 30s; (c) 30 minutes; (d) 4 hours; (e) 18 hours and (f) 20 hours.
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Figure 3.16. Topographic (a, b) images before and after scratching experiment. A
RMS roughness of 0.13nm was measured on the marked zone with a gray dashed line,
whereas on the rectangular zone marked with a red dashed line the height difference
of 0.52 nm the corresponding to 2 monoatomic steps was measured. Profile across of
the scratching zone is showed in (d). Au(111) substrates after immersing in 100pM
ethanolic solution for 30 minutes of immersion time.

solutions of MMTA; however, for = 100uM, we observed islands and 3D structures on

the surface from immersion times above 4 hours.

For 30 minutes of immersion time (see Figure 3.16), we observed terraces of Au(111)
covered by the molecular film following the relief of the substrate. We also performed a
scratching on a flat region of the film which revealed a height difference of 1.1£0.1 nm
for the layer thickness (see Figure 3.16)(b, d). Two monoatomic steps were measured
from the histogram (c) for the rectangular area with the dashed red line in (a), whereas
a RMS roughness of 0.13nm on a flat area and marked with a dashed line was measured.
On the contrary, for low concentration (0.05uM - 0.09uM) range, we did not observe
islands or 3D structures even for longer immersion times, at least 11 days.

Two molecular films of MMTA on Au (111) formed after 11 and 2 days by using
0.05uM and 100uM solutions are shown in Figure 3.17(a, b), respectively. From earlier
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Figure 3.17. Topographic (a, b, ¢) images of Au(111) substrates immersed in ethanolic
solutions of MMTA. (a, ¢) Topographic images of the sample immersed 11 days in a
0.05uM solution and (b) topographic image of the sample prepared for 2 days in 100uM
solution. (c) Topographic profile taken between monoatomic steps covered with the
molecular film is shown in (d). Total z-scale: (a) 0-6nm; (b) 0-22nm; (c) 0-1.7nm.

studies in alkanethiols, it is known that the minimum concentration for forming a dense
SAM is 1M but it takes a long immersion time [86]. The immersion time for SAM
formation at this concentration is between 12 and 24 hours, where the first process
to attach the molecules on the substrate takes a few minute and the second process
to organize the adsorbates and form ordered layers takes several hours. This fact is
observed in SFM topographic images (a, ¢) recorded for lower concentration (0.05uM)
in a long immersion period. A RMS roughness value of 0.17nm was estimated for the
whole image in (c). From topographic profile taken along the line in (c), we can deduce
that at lower concentrations the molecular film is not ordered and the first phase
(lying-down molecules) is occurring even for longer immersion times. On the contrary,
ordered and compactness molecular layers were obtained by using 100u solutions after

immersing for 2 days, as shown in (b).

Some samples were prepared by means of drop-casting method employing low

concentrations (2uM) to avoid high coverages on the gold surface. Au(111) on mica
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Figure 3.18. Left: topographic image (a) of flat terraces covered by the molecular
film with some 3D structures formed on Au(111) substrate. Covered terraces and 3D
structure in (a) are shown (down), by zooming in the images. Right: topographic profiles
taken along the lines in (zooming in the image a) show an incomplete monolayer, whe-
reas an histogram shows the height difference value for the 3D structure. Drop-casting
method using a 2uM ethanolic solution.

and Au(111) on glass surfaces were used, as described in chapter 2. By using this
method, we observed partial coverages of the surface, which allowed the self-assembly
of the MMTA molecules like single molecular thickness in addition of the 3D structures.

3D structures were observed by immersion as well as drop-casting method using 2pM
ethanolic solutions of MMTA. The first one, after immersing the Au(111) substrates
into solutions for ~5 days while the second one, by depositing a drop of solution on the
Au(111) surface which is evaporated in few minutes.

Figure 3.18 shows the topographic image (a) with two marked zones to show
the molecular film on the gold terraces and their respective profiles in panel (b), an
histogram was performed to determine the height of the 3D structure. The measured
height for this first layer showed values of 1.24+0.1nm and above 5nm for the 3D
structures, in particular of about 10.4nm for the histogram in panel (b). Several and

reproducible 3D structures were obtained by drop-casting method in 2uM ethanolic
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solutions of MMTA.

Figure 3.19. Topographic (a) and high resolution lateral force images (b, c). Inset in
(a) shows the 2D-FFT filtered image of lateral force image in (c).

To study possible molecular arrangements on the 3D structures, we used the FFM
acquisition mode. High resolution lateral force images on the 3D structure revealed a
striped pattern as shown the Figure 3.19 (b, c¢). The inset in (a) shows its 2D-Fast-
Fourier Transformed filtered image. A periodicity of 1.1+ 0.05 nm was measured from
(2D-FFT) image recorded at 0° (b) and 45° (c). This periodicity corresponds to the
2v/3 length of the unit cell of terphenyl-methanethiol structures on Au(111).

Dynamic force microscopy (DFM) has been used in the non-contact attractive
regime to explore the molecular surface over large areas prior to any experiment (see
Figure 3.20). In dynamic mode, we observed 3D structures (a) and by applying a voltage
to the tip some layers of topmost surface were removed after passing to the contact
mode, as shown in (b) in dynamic mode again. From numbered (1) topographic profile
taken along the line in (a) prior to peeling, a height difference of ~16nm for the 3D
structure was measured. After peeling of the layer, we observed height differences as
shown numbered profiles (2 and 3) taken along the lines in (b). Profiles (1 and 3) taken

prior to and after peeling of the 3D structure revealed height differences of 1.47nm,
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Figure 3.20. Topography image recorded from dynamic mode (a) prior to (b) after
peeling the surface. Image (b) shows some removed layers after applying a low voltage
to the tip. Topographic profiles taken along the lines in (a, b) are show in (c), whereas
numbered profiles (1) and (3) are used to determine the height difference of the removed
layers (d).

3.2nm and 5.53nm the corresponding single and bilayer lengths, as shown in (d). In
this case, we show that low positive voltages (1.5V) are capable of peeling away the

surface of a molecular film, as reported in TTF derivatives [87].

SFM topographic images recorded over large areas revealed both 3D structures and
terraces of the substrate covered with the MMTA molecular film. A closer inspection on
the molecular film showed a RMS roughness of 0.12nm and height of about 0.6nm (see
Figure 3.21) (a, b); in addition, lateral force images revealed different friction for some
small regions of the scanned area. Lateral force (¢, d) images show bright/dark regions
in forward/backward scan directions that correspond at the lowest in topographic
image and associated to the gold substrate. The high resolution lateral force images on

the domain arrangement could provide information on the molecular structure of the
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multilayers.

Figure 3.21. Topographic image (a) on a small region of the gold terrace. Histogram
shows a height value of 0.6nm and RMS roughness of 0.12nm for the whole image.
Lateral force images (Fw&Bw) (c, d) show less friction on the islands for forward than
backward scan directions. Total z-scale: (a) 0-0.8nm; (c)-125mV to -16mV; (d)-192mV
to -80mV.

Figure 3.22 shows topographic image (a), the lateral force (b, c) images (Fw&Bw),
high lateral resolution image taken on flat areas in (a) is displayed in (d). By Zooming in
the marked area in (d) is displayed in (e). According to the molecular lengths obtained
from high lateral resolution images and 2D-FFT filtered image (d, inset), a structural
model for the MMTA self-assembly is shown in (f). In spite of the rough appearance of
the images at these scales, high resolution images show molecular order.

A closer inspection in (d) indicates two main directions rotated 120° and marked by
the gray color line in which the domains of 60nm?, of the order of the contact area, are

arranged in a quasi-hexagonal fashion with an oblique lattice as seen in the 2D-FFT
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Figure 3.22. Au (111) terraces covered with MMTA molecular film (a) and lateral
forces images (b, c¢) for Fw&Bw scan directions are shown. Panel (d) displays the
high lateral force image showing the presence of small molecular domains on the
substrate. Panel (e) shows the marked region by the yellow line in (d). Top view of
a (2v/3x+/3)R30° structure model for MMTA on Au(111) according to the measured
lengths and data from 2D-FFT filtered image (d, inset) in (f). The oval shape represents
the projected area of the van der Waals dimensions of the phenyl ring on the substrate.

image (d, inset) and by zooming in the image, as shown in (e). The dimensions of the
unit cell have been measured by taking profiles on the high resolution image (d) and
magnified areas of the same terrace (e) as well as measuring directly on the 2D-FFT
image. These measurements yielded values of a=1.0140.08 nm and b=0.5+0.05 nm.
By comparing such dimensions with the underlying substrate lattice Au(111) suggests

the existence of a (2v/3x+/3)R30° structure showed in Figure 3.22 (f), where the oval

61



3.2 Self-Assembled Monolayers and Crystalline Structure of MMTA on
Au(111)

shape represents the projected area of the van der Waals dimensions’ of the phenyl
ring on the substrate.

In previous studies, Fuxen [70] proposed a structural model for adlayer of TPT (Ter-
phenyl thiol) and TPMT (Terphenylmethanethiol) on Au(111) using ethanolic solution
at 2.5uM. Their results by LEED studies have shown a (2v/3 x v/3)R30° superstructure
for monolayer films of TPT and TPMT annealing in UHV between 370-470K. Aguilar
et al. [88] and Su et al. [89] have also shown a (21/3 x v/3) R30° structure for monolayer
prepared by immersing Au(111) electrodes in ethanolic solution (2uM-100uM) of BP,
thiols after annealing between 12-15 hours at 60°C-90°C by means of STM using organic
solvents, in particular for n=3 (BP3) SAMs. From these results, a (2v/3 x v/3)R30°
structure is common for BP 44, TP,qq and MMTA (functionalized TP ,44) showing the

relevance of the alkyl spacer in all cases.

3.2.3.4 Bilayers from Toluene Solutions of MMTA

Figure 3.23 shows two stages of molecular film formation. Cluster of tall islands in
topographic image (a) are formed on the terraces following the relief of the underlying
Au(111) surface; a different region of the sample was explored revealing the bilayer
formation. Height profiles taken along the lines in (c) are displayed in (e) where a
height difference of 3.3+£0.2nm was estimated, whereas the histogram in (d) revealed
for the tall islands a height difference of 2.6nm. Magnified topographic images revealed
slight height variations consisting of brighter spots close to the holes with heights of
about 50nm.

The occupied volume for the excess of material close to/or inside the holes was
correlated to the holes observed on the bilayer, in agreement with the area and volume
dimensions measured from profiles and image analysis. Flooding procedure was perfor-
med on the topographic images by separating both holes and accumulated material
(brighter spots) to estimated their areas. Flooding height of 3.1+0.1 was used to
know the area and volume of holes. Afterwards, by flooding a small area where the
accumulated area was present, we obtained a volume value of the non-flooded area.

These values were also calculated by taking several profiles on the studied area (see

"van der Waals dimensions for the phenyl group of 6.4A by 3.3A were considered by Fuxen et al.
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Figure 3.23. SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours. Topographic (a, b, ¢) images show SAM islands in two
stages of film formation. Histogram in (d) and profiles taken along the lines in (c) show
the height difference for the islands for the bilayer case (e). Total z-scale: (a)0-7nm; (b)
0-61nm; (c)0-23nm.

Figure 3.24)(a, b, c). Some values of volume of holes and accumulated material are

shown in table 3.2 and the absolute error between calculated magnitudes.

Hole Vi, Vace.  |error|
nm?  am? =~ (%)
1 57312 58740 3
2 44403 39110 11
3 33000 36496 10
4 48666 47268 3
5 13189 12000 9

Table 3.2. Volume of numbered holes, V;, and Volume of the accumulated material
inside or next to holes, V... Absolute error values are estimated as V’I_T}‘L/“C
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Figure 3.24. SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours. Topographic (a, b, ¢) images show holes on the bilayer.
A closer inspection on the scanned area shows brighter spots next to or inside the holes.
Topographic profiles along the lines in (b, c¢) are shown in insets. Some hole areas have
been numbered and marked with dashed lines in (a, b). The volume of the holes and
the accumulated material (brighter spots) have been estimate by flooding procedure.
The image in (c¢) of the numbered hole (1) is used to flood and estimate the hole area
and volume for a flooding height (d, left). The volume of the accumulated material is
calculated by software or by taking profiles to estimate an average height (d, right).

120 180
X {nm})

In agreement to the stages of bilayer formation observed in figure (3.23), the tall
islands follow a nucleation mechanism: groups of molecules adsorb to the substrate and
growth into structured domains forming also domain boundaries. Because the domains

may not be oriented in the same direction, the lateral van der Waals interactions
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between domains are disrupted. Also, several factors such as the cleanliness of the
substrate, purity of the solution or reconstruction of the surface during assembly
produce defects in SAMs.

The accumulated material and correlated with the volume of holes could be due
to two process: the first one, a desorption process at the defect sites in the molecular
film and then at random nucleation site within the well-organized regions of the film.
The second one, due to the weakened lateral interactions at domain boundaries of the

clustered tall islands.

3.2.4 Thermal Treatment Effect

As shown in previous results, 3D structures have been obtained using ethanolic so-
lutions of MMTA for longer immersion times as well as drop-casting without annealing.
However, the annealing process could form high quality or close packed SAMs and 3D
nanostructures due to reduction of defects, coalescence of small domains into larger
ones and allowing measuring at submonolayer scale [90, 91]. In this section, we will

show the effect on the SAMs morphology after annealing process.

3.2.4.1 Morphologies from Tetrahydrofuran Solutions
of MMTA

Figure 3.25. SFM images of Au(111) on glass after immersing in a 100uM THF
solution of MMTA for 30 minutes and after annealing at 126°C for 15 hours. Topo-
graphic image (a) without and with scratch (inset) on the surface is showed. Panel (b)
shows both profiles taken on the surface previous (continuous line) and after scratching
(dashed line).
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Figure 3.26. SFM images showing the Au(111) on mica surface after immersing in
a 100uM THF solution of MMTA for 30 minutes. Topographic image before (a) and
after (b) annealing process. Topographic profiles in (c) were taken along the lines in (a)
and (b) with two different colors. A RMS roughness value prior to and after annealing
was measured within regions marked with yellow dashed line.

Once done morphological characterization on fresh samples, these were annealed at
126°C for 15 hours using a furnace in air. Morphological changes were observed after
the thermal treatment to the samples using Au(111) on glass/mica substrates. SFM
images of Au(111) on glass after immersing in a 100uM THF solution of MMTA for 30
minutes and after annealing are shown in Figure 3.25.

Topographic image 3.25 (a) reveals low MMTA islands of height 1.6+0.1nm and
lateral dimensions below 10nm from profiles taken on the same area, prior to and after
scratching (inset) the surface to compare heights as shown the continuous and dashed
line in panel (b), respectively. Bilayer islands below 20nm in lateral dimensions were
observed using Au(111) on glass. MMTA islands with longer lateral dimensions were
observed using Au(111) after annealing for 30 minutes and 18 hours of immersion time.

As we can observe in the Figure 3.26 (a) the morphology of the molecular film at
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room temperature is characterized by a lot of islands and their height correspond to an
atomic step of the gold substrate, as shown topographic profile (c) take along the line
in (a, top). After annealing of the sample at 126°C for 15 hours we observed that these
islands are now bigger and wider, as revealed topographic profile (¢, down) taken along
the line in (b). Marked regions in (a, b) show the RMS roughness of 0.16nm and 0.6nm
prior to and after annealing, respectively. Larger tilt angles reduce the geometrical
thickness of the film. Panel (c) shows two profiles taken on the surface without and
with annealing in which we observe low islands of a single molecular thickness on the

thermally treated sample correspondy to a tilt angle of &~ 20°.

080 UL

Figure 3.27. SFM images of Au(111) on mica after immersing in a 100pM THF
solution of MMTA for 16 hours and after annealing at 120°C for 16 hours. Topographic
(a, b) images show the low islands and some tall islands on the surface.

In Figure 3.27 we present topographic images of Au(111) on mica after immersing
in a 100uM THF solution of MMTA for 16 hours and after annealing at 120°C for 16
hours. Topographic images reveal an incomplete monolayer formation after annealing
and RMS roughness of 0.4nm for the whole image in (b). Bilayer islands were rarely

observed for several preparations and measurements using this solvent.

After annealing process, for both Au(111) on mica and Au(111) on glass few bilayer
islands were observed for 30 minutes as well as 16 hours of immersion times. This fact

suggest that the use of THF solvent allows the formation of single molecular thickness
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of MMTA on Au(111) substrates at submonolayer scale by means of the annealing

process.

3.2.4.2 Morphologies, Indentation and Structure from
Acetic Acid Solutions of MMTA

LT

Figure 3.28. SFM topographic images of Au(111) on mica after immersing in a 100uM
acetic acid solution of MMTA for 30 minutes and after annealing at 100°C for 16 hours.

SFM topographic images of Au(111) on mica after immersing in a 100uM acetic
acid solution of MMTA for 30 minutes and after annealing at 100°C for 16 hours are
shown in Figure 3.28. Low and tall islands are observed at larger scan areas as shown
in (b). Topographic details of the molecular film is easily measured for small areas of
scan (less than 1x1 um?). Profile taken along the line in (c) shows a height difference
between low and tall islands of about 1.5nm.

In agreement with the coverage analysis performed in section 3.2.2 for the acetic
acid solutions, the percentage of non-flooded area for the tall islands for 30 minutes
of immersion and after annealing at 100°C for 16 hours corresponds to ~ 45% of

coverage and minimum areas of tall islands of about 100x 100 nm?. Lateral dimensions
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Figure 3.29. SFM topographic images showing the Au(111) on mica after immersing
in a 100uM acetic acid solution of MMTA for 30 minutes and after annealing at 100°C
for 16 hours. Topographic images (a, c) show the heights of low and tall islands and
(b) profile taken along the line in (a). The scratched area in (a) allowed obtaining the
bare gold as reference. Simultaneous profiles taken along the lines in (c, d) correlate
the morphology and the friction on the low islands.

of bilayer islands obtained at low immersion times (30 minutes) and after annealing
were measured about 100nm being ~ 25% less than lateral dimensions of the samples
for longer immersion times (16-18 hours) and same annealing conditions for images of
0.6x0.6 pm?.

Figure 3.29 shows topography images (a, ¢) and a friction map (d) of low and tall
islands of MMTA. Scratching experiments carried out on the surface in (a) lead to see
two heights for the islands, the first one of 1.6+0.2nm and the second one to 3.44+0.3nm,
as shown in (b) from profile taken along the line in (a). Topographic and friction

images for low worm like islands are shown in (¢, d). Morphological details of the low
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Figure 3.30. Topographic(a) and friction(c) images are shown. Horizontal profile (b)
taken along the line in (a, ¢) shows the height of low islands and compares with friction
signal in (c). The vertical profile (d) taken along the line in (a, ¢) correlates the height of
the islands and the friction signal. Adhesion force:-4nN; applied force:2nN at RH < 5%.

islands permit to observe that their topmost surface is not completely homogeneous
as also show in the topographic and friction profiles (e, f). Measurement conditions
of RH < 5%, applied force of InN and adhesion force of -3nN were used. Several
samples obtained in 100uM acetic acid solution of MMTA and low immersion times

after annealing have revealed similar morphologies.

The Figure 3.30 shows topographic (a) and friction map (¢) of MMTA islands
on Au(111). Topographic profiles taken along the lines in (a) reveal heights of about
1.6nm for low islands (horizontal) and 3.2nm for bilayer case (vertical profile) (b, d),
respectively.

Inhomogeneous surfaces and different friction on both low and tall islands were
measured in the adhesion regime as revealed the topographic profiles (continuous line)
and friction (dashed line) in panel (b, d). These heights correspond to a single molecular
layer and bilayer with (-COOH) and (-SH) end groups, respectively. Although the

size of domain of the islands allow hardly to determine a frictional response for each
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termination (-COOH and -SH), different friction between the bare substrate, low and

tall islands was observed. More detailed analysis are presented in the chapter 4.

Figure 3.31. Topography (a, d, g) and friction (b, e, h) images recorded while a bias
voltage to the tip is applied. Measurements performed with a conductive tip (k=0.2
N-m~!) by applying a voltage ramp until 180mV with steps of 20mV.

To identify the gold substrate and measure the molecular thickness of the islands
several current maps were carried out. By applying relatively small forces to avoid
damage on the molecular film, in addition to bias voltage to the conductive tip, different
friction values for both terminations were observed. During this experiment, the applied
force was kept at 7nN, and a voltage ramp until 180mV with step of 20mV for each
acquisition image was applied; the adhesion force was -5.5nN.

Figure 3.31 shows topographic (a, d, g) and friction maps (b, e, h) of low and tall
islands. Simultaneous profiles taken along the lines in all images are shown in panels
(c, f, 1). Brighter regions in the friction map correspond to the bare gold. Though no
current was detected for these voltages, a change of friction on the islands by increasing
the bias voltage is observed, as shown in (b, e, h). We suggest that after applying a

bias voltage to the tip and scanning several times on the molecular film at 7nN, the
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presence of unbounded molecules or adlayer of contaminants can be removed and a real
contact between the tip and molecular film can be assumed.

Figures 3.30 and 3.31 revealed that applying forces in the range 2nN to 7nN a
friction difference can be measured between both low and tall MMTA islands. The low
current signal measured after applying forces of about 7nN and heights of about 1.8nm
for the low islands suggest the presence of a thin contaminant film on the surface for
the samples obtained in acetic acid solution of MMTA after annealing.

Figure 3.32 (a) compares the friction values for zero and 180mV of applied bias
voltage at TnN of applied force. The topographic profiles (b) for several applied voltages
do not revealed morphological damage on the film. Though no damages on the islands
were observed, a height difference AZ ~ 0.3nm between the topographic profiles at
zero and 180mV was measured. This difference of ~ 0.3nm was measured on topmost
surface in contact mode in adhesion as well as repulsive regimen with and without using

conductive cantilevers of low nominal force constants.
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Figure 3.32. Cross-sectional friction profile (a) along the lines showed in figure (3.31)
with/without applying low bias voltages. The higher value of friction correlates with the
bare gold surface. Only few millivolts can be measured between tall and low islands. (b)
Simultaneous topographic profiles on the same islands were taken on recorded images
from zero to 180mV bias voltages.

Specific experiments such as nanoindentation by using the 3D modes were employed
to identify more accurately the mechanical properties of both low and tall islands. We
investigate the nanoindentation of low MMTA islands using a sharp tip-AFM by means

of the 3D modes over a single point as well as X selected line. Nanoindentation of soft
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materials is a growing research field, demanding sophisticated models and methods to
extract accurate information from these materials. Many works have been analyzed
within the framework of the Hertz model, assuming that indentation depths are much

smaller than sample thickness, in which case the Hertz model provides good accuracy

(92, 93, 94, 95, 96].
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Figure 3.33. (a) Force vs. displacement curves on a freshly cleaved mica surface and on
the as-received Ti-7TNb-6Al sample surface. An equal displacement of the z-piezo results
in a smaller cantilever deflection on the titanium alloy surface compared to the mica
surface due to elastic indentation. (b) Indentation vs. applied force curve calculated
from the curves in (a). Taken from [95].

Following the procedure described first by Radmacher and co-workers [97], the
indentation curve of a material surface can be obtained by comparing the slope of
the force vs. distance curve of this material with that of a hard surface. As the surface
of the hard material is not indented by the tip, the cantilever deflection is proportional

to the z-piezo movement and, therefore, the force vs. displacement curve has a constant
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slope as soon as the tip contacts the surface. However, on a compliant material the tip
indents into the sample and the same cantilever deflection is obtained only after an
additional piezo travel. The indentation (J) at a given deflection value is given by the
extra z-piezo motion needed to achieve the same cantilever deflection as on the hard
material. The calculated indentation values are plotted as a function of the applied
force, which is directly obtained multiplying the cantilever deflection by the spring
constant, as shown in Figure 3.33. In order to determine the indentation depth (J), the
cantilever response obtained on the gold surface as the surface of the hard material
reference and the curves on the MMTA islands are compared, as shown in Figure 3.34.
A closer inspection in the force-distance curve recorded on the bare gold shows that the
piezo displacement z while in contact will lead to a deflection d of the cantilever that
is identical to z, d=z. In the case of the MMTA islands the same movement z will lead
to smaller deflection of the cantilever as a result of an elastic indentation §, z=d+4.
The loading force F' is proportional to the force constant k and the deflection d of the
cantilever, F=k-d=k-(z-0).

By using the 3D modes for tribological and electrical studies (chapters 4 and
5), we observed variations or steps in the force-distance curve within small ranges
of force after contacting the molecular surface. These steps seem to indicate a tilt
angle experimented for the molecules under the applied load. Following the procedure
described in section 2.2.3.2 for friction measurements by means of the 3D modes, the
approaching cycle begins with the cantilever position far away above the molecular
surface, where there is no interaction between them, so that the cantilever deflection is
zero. As the piezoelectric moves in z-direction, the cantilever approaches closer to the
sample and the tip starts touching and compressing the molecular film, generating a

measurable non-zero deflection value.

For both in a single point or a selected line of the scan direction on the molecular
film, revealed high reproducibility of the force-distance curves in the compression re-
gime. We performed indentation analysis by comparison force distance curves on low
and tall islands respect the force distance curve obtained for a hard surface like the gold
substrate. The typical tip radius of AFM probes is of the order of tens of nanometers,

and for indentation depths comparable to the tip radius, the spherical indenter model
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Figure 3.34. (a) Force versus displacement curves on the MMTA islands on Au(111).
The image in (b) was obtained by zooming in the marked area with dashed blue line in
(a). Inset in (b) shows more detailed ranges in the force vs. displacement curve for the
low islands. (c) shows the force vs. displacement curve recorded on tall islands. Force

vs. displacement curves in red line correspond to the gold substrate as the hard surface
reference.

should be used. The classic Hertz model relates the load F and the penetration depth

0 during a frictionless elastic indentation of an infinitely stiff indenter in a sample with

elastic modulus E and the Poisson coeflicient v.

4
FSphere = gE*R1/2d3/2 (3'5)

2
Foone = ;E* tan « 62 (3.6)
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Assuming that the tip and the sample are both isotropically elastic, the following

expression for E* must be employed, E* = 3 (1;2 + 1;”2 ) 1.

Equations 3.5 and 3.6 are derived from the Hertzian contact theory where both
expressions are particular cases of the generalized Hertzian contact theory developed
by Sneddon [98], that states that load-displacement relationships obey a power law

Fxd™, where the exponent n and the proportionality factor depend on the indenter

geometry.

Indentation analysis on samples after annealing have shown similar results; in par-
ticular, for low islands with lateral dimensions of 30nm, as shown in Figure 3.35. The
X dashed line in topographic image (a) represents the place where the feedback is
disabled to start the 3D acquisition only over the chosen line. Horizontal gray line in
(b) image has been drawn to show the coordinates where the island is modified by the
applied load (=~ 4nN), whereas the vertical gray line is the background reference of the
gold surface. Numbered profiles (1, 2 and 4) were taken on low islands with lateral
dimensions between 10nm and 40nm. Image (c) shows the 3D representation of the
F,=(X, z) for low and tall islands and the bare surface to compare the force distance

curves.

From indentation profiles (d) we determined small force ranges where the inden-
tation remains constant. An indentation of 0.3nm is measured in the range -1.5nN to
2.5nN that we associated to contaminants adsorbed on the molecular film, whereas in
the range 3nN to 4nN we suggest that the contaminant layers are removed and the
real contact between the molecular film and the tip is done. In the force range from
5nN to 7nN, we observed a constant § value by which a new tilt angle of the molecular

arrangement previous the total compressing and damage is suggested.

Alternatively, we can extract from the indentation-force curves a height value of
the low islands. The constant value of indentation above 10nN indicates that the low
island is completely compressed, but below 7nN there is a regimen where the island is
modified, we suggest that is tilted around (48+5)°. In table 3.3, we indexed with n three
levels of indentation for each force range. The first level n=0 a smooth indentation is
observed, at level n=1 these values are statistically representative for several analysis

in the low islands. For n=1 we have called the position “REF A” for a real contact
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Figure 3.35. SFM topography image (a), Fn(X, z) image and their three-Dimensional
representation obtained from 3D modes (b, c), respectively. Bottom panel (d) represents
the indentation curves for the numbered low islands taken along the vertical lines in
(b). The dashed line X in (a) shows the place where the feedback is disable to start the
3D acquisition.

tip-molecular film where the contaminants are removed at this force range, whereas
in the level n=2 a new molecular tilt is obtained due to the applied force and called
“REF B”. By calculating Ad between the n levels, we have measured the heights of the
low island ds-dg=d3g, d3-dy=ds3; or ds-do=d39; being d3;=1.54 £+ 0.03nm the single
molecular length and d3»=0.99 £ 0.11nm the height suggested when the molecular

arrangement is tilted.

In agreement with experimental data obtained from 3D modes over a selected point
or line on the islands, we suggest a model to explain the presence of several heights
measured on the molecular islands of MMTA. Cartoon in Figure 3.36 shows the contact
between the rigid sphere (AFM-tip) and an elastic half-space with a displacement of

the points on the surface in the contact area.

Figure 3.37 shows the indentation results performed on the MMTA islands, as
described before. Numbered lines (1 to 8) taken on the F,,=(X, z) image were employed
to determine the numbered indentation plots. The force-displacement curve on the gold

substrate was obtained by taking the profile on the yellow line. Numbered lines (2, 3, 4,
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Level Force Range Indentation Thickness Tilt angle AThickness

n nN d(nm) d(nm) °degree Ad(nm)

0 -1.44 to 2.54 0.01 do do

1 2.75 to 4.50 0.33 dy 20 dip =0.32£0.02
0.30
0.35

2 4.7 to 6.70 0.95 da 48 da; = 0.55 £ 0.08
0.73
0.95

3 7.3 to 17 1.85 ds d3p = 1.85£0.10
1.85 ds; = 1.54 £0.03
1.9 d3e =0.99 £0.11

Table 3.3. Indentation versus force values. n levels are presented to indicate the applied
force ranges, the indentation ¢ value, the parameter d,, to calculate the thickness and
the average tilt angle.

Gold Surface
Figure 3.36. Illustration of tall (bilayer) and low MMTA islands on Au(111). REF

A and REF B are positions where the contaminant layers have been removed and the
molecular assembling has been tilted.

7 and 8) were drawn on the low islands, whereas numbered lines (1 and 5) were drawn

on tall islands.

We payed special attention on the numbered curves where the successive value
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Figure 3.37. Indentation versus applied force panels for low islands after annealing
treatment. Blue dashed lines represent the profiles taken on the low islands of the
F,=(X, z) image (filtered to enhance details), green lines on tall islands and the yellow
line represents the force distance curve measurement on the bare gold substrate as hard
surface reference.

of indentation (0) increases or remain constant as the value of the force increases.
That is, the preceding values are less than or equal to successive values as follow, if
F1<F3 then §(F1)< §(F2), from -2nN to 4nN range force (F). A non-constant value
of indentation-load curve within a range of force could obey a power law Foxd™, as
described before.

By plotting § versus F' from experimental data as shown both Figures 3.37 and
3.35, we determined each labeled indentation distance from several profiles taken on
the F,,=(X, z) image. From indentation plots we observed that for islands with lateral
dimensions less than 10nm low forces are required to penetrate/compress the film
as shown the numbered profiles (2, 4 and 7) whereas low islands with larger lateral
dimensions required forces of about 3nN (profiles 3 and 8).

Indentation experiments performed on the bilayer islands revealed that forces in

repulsive regimen (/ 5nN) were required a priori to penetrate, tilt or compress the
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molecular layer (numbered profiles 1 and 5). The compressing limit before damage for
low and tall islands was measured of about 5nlN and 12nN, respectively.

Samples obtained from 100uM acetic acid solution of MMTA for longer immersion
times (= 18h) and after annealing at (110+ 5)°C have shown interesting morphological
changes. Two kind of morphologies can be observed for most samples studied. The first
one, consist of small clusters of islands with heights of 1.35+£0.2nm forming percolated.
These islands do not present a flat surface and their topology is worm like and the
dimensions indicate than correspond to a single molecular layer. The second one, taller
islands with heights of 3.3+0.25nm and lateral dimensions larger than the islands

obtained for 30 minutes with the same preparation conditions.

Figure 3.38. SFM images of Au(111) on mica after immersing in 100uM acetic acid
solution of MMTA for 18 hours and after annealing at (110+ 5)°C for 18 hours.
Topographic (a, d, e) and lateral force (Fw&Bw) (b, ¢) images are displayed. The
image (e) was recorded in a different region of the sample. Total z-scale: (a) 0-8nm; (b)
0.14 to 0.17 V ; (¢) 0.13 to 0.16 V; (d) 0-5nm; (e) 0-4.5nm. The measurements were
performed by applying -2nN, adhesion force -5nN.

Figure 3.38 shows topographic images (a, d, e), the magnified area (d) marked with
yellow dashed line in (a) and lateral force (b, ¢) images of the low and tall islands for

scanned areas of ~ 4um?. Tall islands (bilayer) show less torsion signal of the cantilever
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Figure 3.39. Top row: SFM topographic images (a, b, ¢) of low and tall islands of
MMTA on Au(111). An average height of 1.38+0.02nm was measured for low islands
in the zone marked with yellow and red dashed lines in (a, b). Flat area (=~ 50x50
nm?) on the tall island is marked with a blue rectangular box in dashed line in (b). (d)
Bottom row: numbered profiles on tall islands reveal the corresponding heights for low
and tall islands (1) and inhomogeneous on topmost surface of tall islands (2, 3 and 4).

Figure 3.40. High resolution lateral force image (a) acquired on the topmost of the
surface of a tall island. (b) A stripes periodicity of 1.154+0.1nm was measured along
the line in (a). A unit cell length can be deduced from (b) with dimension a=1.15+0.1
nm of the (2v/3 x v/3)R30° structure. 2D-FFT image (c) was obtained from the whole

image in (a).
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in forward than backward scan directions in lateral force images, in agreement with
preparations for 30 minutes of immersion times and after annealing. Topographic images
recorded on different regions of the sample as in (e) revealed the same morphology for
the MMTA islands. Different friction between tall and low islands allow us suggest the
presence of both (-COOH) and (-SH) end groups (see chapter 4).

Topographic images have revealed that the surface of the tall islands are not comple-
tely flat. In fact, height differences of about 2.5+0.5A were measured on the inhomoge-
neous surface of the tall islands. We suggest that a thin contaminant layer is adsorbed
on the surface during the process (thermal treatment and measuring) which can be
removed by applying forces in repulsive regime(~ 2nN) in agreement with indentation
data shown above. Bilayer islands obtained at high immersion times and post annealing
have shown larger surface area than bilayers obtained at low immersion times and
post annealing as shown in section 3.2.2. Despite the inhomogeneous surface of the
tall islands (bilayer), flat regions can be observed with a RMS roughness 0.240.05A |
as shown in Figure 3.39 in the rectangular box in (b). Profiles taken on low islands
marked in yellow and red dashed box (a, b) revealed average heights of 1.38+0.02nm
and tall islands heights of 3.340.25nm, whereas numbered profiles (2, 3 and 4) show

inhomogeneous surfaces on the tall islands.

High resolution lateral force images on the tall islands surface revealed striped
periodicities of 1.15£0.1nm, as shown in Figure 3.40 by taking profile (b) along the
line in (a). 1-D FFT image in (c) was obtained from the whole image in (a). The
periodicity a=1.15+0.1 nm corresponds to the 21/3 length of unit cell already found.
This fact indicates that the tall islands (bilayer) forms the same (2v/3 x v/3)R30°

structure already described.

In addition to measurements at low relative humidity (RH), we were also interested
to know the possible influence of humidity and how different can be the results at high
RH values. Although there was not fundamental morphological changes, we determined
a different response for adhesion, friction and surface potential measurements as will

be described in more detail in chapters 4 and 5.
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3.2.4.3 Morphologies and Structure from Ethanolic So-
lutions of MMTA

A thermal treatment was carried out on different samples prepared in ethanolic
solution to get very-well packed molecular layers or to dismiss the degree of defects on
the layers. Three-dimensional structures have been seen for longer immersion times at
high concentrations and one goal with the annealing process is to arise very well ordered
and packed islands at submonolayer scale. However, the high coverage of the surface
makes nearly impossible to have a good reference for height measurements, because
several layers of the organic material adsorbed on the Au(111) surface. In this case, we

observed a well defined molecular arrangement on the top flat of the 3D structure.

Figure 3.41. SFM images of Au(111) on glass after immersing in a 100uM ethanolic
solution of MMTA for 20 hours and forwards a thermal treatment at 110°C for 24 hours.
Topographic image (a) shows the 3D structure on the substrate. Inset in (a) shows the
stripes on the high resolution lateral force image. Profile (b) taken on the high resolution
image reveals the stripe periodicity of 1.1nm. Histogram (c) was obtained on the marked
area in (b) of the 3D structure.

In Figure 3.41 we observe on a gold grain a molecular film and the inhomogeneous
3D structure with heights between 6nm and 8nm, as shown in the marked area in
topographic image (a) and histogram (c). The measured heights are in agreement with
the single and bilayer dimensions that finally forms the 3D structure. Inset in (a)
represents the high resolution lateral force image to measure the periodicity of 1.1nm

on a flat region of the 3D topmost structure and showed in the profile (b). Periodicities
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on the 3D structure corresponds to a dimension of a unit cell of the (2v/3 x v/3)R30°
structure already described for low and bilayer islands with different solvents. Although
most of the samples were under the thermal process, we did not find fundamentals
differences in results by using the furnace in air or controlling the environment with a

nitrogen stream.

Figure 3.42. SFM images showing the Au(111) surface after immersing in a 2uM
ethanolic solution of MMTA for (a) 270 minutes prior to annealing and (b) after 8
hours at 200°C under controlled Ny environment (b). Topographic (a, b) images with
magnified areas with dashed and continuous lines are shown.

Figure 3.42 compares the topographic images of Au(111) after immersing in a 2uM
ethanolic solution of MMTA for 270 minutes prior to (a) and after annealing (b). Blue
arrows in topographic image (b, down) show some tall islands formation. High adhesion
values and difficulties to get topographic images were a common characteristic with
theses samples by using high annealing rates. The annealing process was performed
under controlled environment with an annealing rate of 200°C' - h~! using the second
program described in section 2.3.3. Samples obtained from 2uM in ethanolic solutions
of MMTA required high immersion times to observe islands formation, clustering or

coalescence of the molecular islands; however, the thermal process performed with these
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Figure 3.43. SFM topographic images (a, c) showing the Au(111) surface after
immersing in a 100uM ethanolic + acetic acid (10%) solution of MMTA for 16 hours
annealing the solution at 30°C. Profile (b) taken along the line in (a) reveals heights
for both low and tall islands formation. Yellow arrows in (a) show clusters of islands,
whereas black dashed arrows in (c) show some tall islands.

preparations by using both programs with annealing rates of 200°C-h~! and 120°C-h~!
were not successful to get well packed molecular layers.

By immersing the Au(111) substrates in ethanol plus acetic acid solutions of MM-
TA within a thermal bath controlling the temperature, interesting morphologies and
specially the clustering of MMTA molecular islands were observed. Figure 3.43 shows
topographic images (a, ¢) and profile taken on the low and tall islands on Au(111) on
glass by using a mixture of ethanol and acetic acid (10%). Despite the longer immersion
time (=~ 16 hours) and annealing the solution within a thermal bath at 30°C, we did
not observe 3D structures. Interestingly, the clustering was observed as shown by the
yellow arrows in (a). The black dashed lines show islands with heights around of 3.2nm,
indicating bilayer formation. Following this protocol for higher temperatures (90°C.)
we observed only high coverage with height corresponding to a single molecular film.

Clusters of islands are formed by coalescence in 2uM solutions of MMTA using a
thermal bath for several samples between a temperature range from 30°C' to 80°C.
This fact indicates that the low and tall islands already described in acetic solutions
of MMTA after annealing are formed in a temperature range from 80°C' to 120°C, in

agreement with islands formation observed in general after annealing of about 100°C.
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Figure 3.44. SFM images of Au(111) after immersing in a 2uM ethanolic solution
of MMTA. Topographic (a, b) images for 90 minutes and 270 minutes annealing the
solution at 50°C. Profiles (1, 2) in (c) were taken along the lines in (a, b) for both 90
minutes and 270 minutes. The Histogram (d) was acquired for the whole image (b).
Total z-scale: (a, b) 0-6nm.

The SFM images obtained in the stage of growth prior to island coalescence are
shown in Figure 3.44 after immersing Au(111) on glass for 90 minutes and 270 minutes
annealing the solution at 50°C. Topographic image (a) shows low islands with lateral
dimensions ~15nm for the case of 90 minutes of immersion time and simultaneously
annealing the solution in a thermal bath. Numbered profiles (1, 2) taken on the mole-
cular islands reveal the corresponding molecular lengths for both low and tall islands
for both cases. Brighter spots in both topographic images (a, b) are approximately
3.2nm, in agreement with the molecular length for bilayers; the coalescence was more
evident in the topographic image (b), due to the larger lateral dimension of the islands
(=~ 50nm). Profiles in (c) as well as the histogram in (d) show the height distributions

found for both sample preparations.

3D structures were not observed in 2uM (ethanol+-acetic acid) solution of MMTA

annealing the solutions in a thermal bath for a wide range of temperature (from 25°C
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to 90°C).

3.2.4.4 Morphologies from Toluene Solutions of MM-
TA

Figure 3.45 shows SFM images of the MMTA islands on Au(111) after immersing
in 100uM toluene solution of MMTA for 20 hours and after annealing at 120°C for
24 hours. We found areas of low islands with heights of 1.6+0.2 nm as shown the
numbered profiles (1, 2) in (a) and clustered bilayers of 3.4+0.2 nm (3, 4), as a result
of the thermal process. The lateral dimensions of the tall islands were observed in
the range (~100nm), the 3D structures were not observed by using solutions with this
solvent. As previous measurements performed on samples thermally treated, the friction
response on the bilayer islands follows similar characteristics, lower lateral force signal

in forward than backward scan directions (b, ¢). Au(111) substrates after immersing in

e

\N\{'\"\fm
»—A-.»—t\:}:‘it:(
{3 |
1) aFal b

!

Trem
0 100 ey 200

£ [nmj

£ (nmj

Z nm) £ (nmj
O kE e O RS e 6 Bk O - R L

Figure 3.45. SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours and after annealing at 120°C for 24 hours. Topography
(a) and lateral force images (Fw&Bw) (b, c¢) are displayed. Topographic profiles (d)
confirm the heights of the a single molecular and bilayer length.

100puM solutions of MMTA for longer immersion times and thermal process reproduce
the same morphologies of the islands. Some samples were measured one month later

and revealed a clear contrast in friction measurements between both morphologies.
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For ethanolic solutions of MMTA and similar concentrations and immersion times,
high coverages were observed as well as multilayers structures. Interestingly, samples
obtained in 100uM THF solution of MMTA and high immersion times after annealing,
islands at submonolayer scale and few tall islands (bilayer) were observed. Samples
obtained in 2uM (ethanolic+acetic acid) solutions of MMTA required at least 6 hours
of immersion annealing the solution at 50°C to observe isolated islands with lateral

dimensions (=~ 15nm) and coalescence between them over the Au(111) surface.

3.2.5 Patterned Gold Surface with the MMTA Aromatic Thiol by
using uCP

Figure 3.46. Topographic images (a, b) show the molecular material in 100uM (ethanol
+ acetic acid) solution of MMTA transferred from untreated stamp on the gold surface,
magnified area (b) and marked in (a) shows unsuccessfully patterned zones. A square
motif stamp of (3x3)um? was used. Total z-scale: (a) 0-183nm; (b) 0-72nm

Figure 3.46 shows topographic images of MMTA molecules transferred from PDMS
untreated stamp on granular gold surface. For all untreated stamps similar morphologies
were obtained by using different concentrations and solvents such as ethanol, toluene
or acetic acid. The difficulty of molecular diffusion of the polar substance onto the
hydrophobic surface and then to transfer the patterned relief of the stamp was evident.
Patterned regions on the substrate with treated PDMS stamps were sometimes difficult
to identify with only topographic images. Lateral force, phase or excitation frequency

and surface potential images were necessary to verify the successful transferring of

88



3.2 Self-Assembled Monolayers and Crystalline Structure of MMTA on
Au(111)

molecular material onto the gold surface. Once identified the stamping on the surface
by measuring in contact or tapping mode, functional studies of the surface were carried

out.
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Figure 3.47. Topography (a, c), surface potential (b) and excitation frequency (d)
images to identify MMTA patterned regions on the gold surface recorded in dynamic
mode at RH < 5%. Simultaneous profiles (e) taken along the lines in (a, b) are shown.

Figure 3.47 shows successfully the transferring and patterning of the gold surface
by correlating the topography (a) and surface potential (b) images by means of simul-
taneous profiles (e) taken along the lines in (a, b) and a priori bare gold, in this case,
using 2uM ethanolic solution of MMTA. Both profiles show a correlation between the
patterned area with and without using MMTA molecules and their surface potential
difference around of 50mV. The dynamic modes allow deciphering different chemical
patterned regions by means of channels such as phase or excitation frequency that,
sometimes the topographic images recorded in contact mode are impossible of detecting
in marked regions as shown in (c, d).

Molecular heights between 1nm and 3nm were found for the samples obtained from
ethanolic solutions of MMTA by using gold surfaces (RMS roughness ~1nm). Intere-
stingly, patterned gold surfaces have shown regions with low and high density molecular

which allows studying surface properties such as friction and surface potential.
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In Figure 3.48, the morphology of the molecular film on gold surface revealed a
different way of transferring the aromatic thiol onto the surface (a). This case showed
that the molecular transferring occurred from regions without the intimate contact
between the relief of the stamp and the gold surface (B regions). This can be explained
by means of different diffusion pathways for the molecules described by Delamarche et
al. [99] and [100] in alkanethiols. For instance, the ink might simply spread across the
substrate on contact between the PDMS stamp and the gold surface (paths 1 and 2) in
the model (c¢). The PDMS stamp might be considered a sponge impregnated with the
solution that, in the worse case, is displaced and spreads across the surface (numbered
paths 1, 2, 3 and 4) or the possibility of transferring molecules from the stamp to the
substrate in non-contacting areas by the vapor phase (molecules having a high vapor

pressure).

Figure 3.48. Topographic image (a) and the profile (b) taken along the line in (a) after
pattering the gold substrate are shown. Model proposed (c) to explain the patterning
of the gold surface for several pathways (adapted from [99]). The cartoon (inset in b)
shows the intimate contact (A) and the non-contact (B) areas between the relief of the
stamp and the gold surface. Total z-scale:(a)0-125nm

In agreement with the morphology observed in Figure 3.48 and the topographic
profile taken along the line in (a), we suggest that during the poured of the solution

on the PDMS patterned surface, the solution is not completely evaporated and by
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capillarity effects is maintained in the non-contacting areas (B regions) as a molecular
reservoir and transferred in major amount onto the surface. This fact could explain the
regions with high density after stamping process where single and bilayer lengths can
be formed while are transferred from the PDMS stamp. SAMs prepared from saturated
solutions of about 50uM by using THF or ethanol as solvents, bilayers of MMTA can
be formed by hydrogen bonds between the carboxylic groups [75, 77| on flat Au(111)

substrates.

3.3 Conclusions

We have shown morphologies of the MMTA molecular films on Au(111) substrates
obtained from 2uM and 100puM solutions of MMTA after annealing. In 100uM toluene
and acetic acid solutions of MMTA and after annealing, we found morphologies corre-
sponding to a single molecular layer, here called low islands, like percolated between
them as well as tall islands (bilayer) formed by hydrogen bridges between the carboxylic
groups.

Clustering was observed in 2uM ethanolic solutions of MMTA for longer immersion
times with and without annealing at 80°C, whereas 3D structures or multilayers with
heights of 30nm and high coverage were found at 100uM with immersions of up to 6
hours. We observed monolayers on Au(111) by using 100uM THF solutions of MMTA
without annealing. Molecular islands of MMTA at submonolayer scale were obtained in
samples thermally treated, few tall islands were observed. Two different morphologies
were observed by using THF, acetic acid, ethanol and toluene solutions of MMTA after
annealing. Interestingly, with the annealing process we can differentiate both chemical
terminations (-COOH) and (-SH) of the nanostrutured surface by means of the lateral
force microscopy.

From coverage studies performed with samples obtained in 100uM acetic acid solu-
tion of MMTA for 30 minutes and 18 hours at ~ 100°C, we observed that these islands
are ~ 25% wider for 18 hours. We did not observe large areas of bare gold when the
thermal treatment is performed. Since this increase in size is not accompanied of a
difference in bare gold areas, we suggest a coarsening of the initial islands.

A (2v/3 x v/3)R30° structure on the Au(111) substrate was determined for samples

obtained in a 100uM acetic acid solution of MMTA for 30 minutes of immersion
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time. Despite the difficulty to determine the structural order on the 3D structures, we
observed stripe periodicities of 1.15nm on their topmost surface which could correspond
to a unit cell with dimensions 2v/3 in one direction.

By using the 3D modes on the low and tall islands, we deduced the presence of a thin
contaminant film of 0.304+0.05nm on both (-COOH and -SH) end groups. Indentation
as a function of the applied force revealed jumps within a range of force which we
associated to a penetrating length of the tip on the contamination layer. Once achieved
an applied force of &~ 2.5nN, the thin film of contamination is removed and the real
contact between the tip and molecular arrangements is done, at higher force ~5nN
an average tilt angle of 50° is suggested prior to a total compression or damage at
forces around of 10nN. In some low islands (lateral dimension less than 10nm), even
the smallest applied force was sufficient to tilt and compress the molecules so that the
constant value in § is not observed.

We have shown that the PDMS elastomeric stamp can be used for patterning of
gold surfaces with polar MMTA molecules pouring a drop on the relief of stamp surface.
Two ways to pattern the surface were observed: the first one, the MMTA molecules are
transferred onto substrate only in areas where the contours of the stamp allow contact
with the gold surface, thus reproducing the pattern of the stamp on the substrate. The
second one, is referred as the transferring from areas that are not in conformal contact
between stamp and surface. Despite the transferring and printing of the gold substrate
with MMTA aromatic thiol, ambiguous results obtained in our case suggest that the

methodology employed has not been completely optimized.
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CHAPTER 4

TRIBOLOGICAL PROPERTIES OF
FUNCTIONAL SURFACE MODELS

Understanding the different mechanisms underlying the interactions that appear
when two materials are brought together, rubbed each other and separated are funda-
mentally important to many applications in nanotechnology that require an understan-
ding of tribological process such as adhesion, friction, lubrication and wear at nanoscale.
Friction is a common phenomenon at macroscopic and microscopic level, which is
governed by the process prevailing on the surface layers of sliding bodies. In Friction
Force Microscopy (FFM), the apex of a sharp tip is brought into contact with a sample
surface, and the lateral forces are recorded while tip and surface slide relative to each
other. Early works based in FFM studies of SAMs, for both monolayers of alkanethiols
on gold and alkylsilane monolayers [101, 102], have been used to investigate the effect
of a range of parameters such as the molecular organization, end-group functionality,
interfacial interactions [103, 104] and scan sped [105] on friction behavior.

In our research group, FFM has been employed to study organic as well inorganic
systems. For instance, a study of the changes of molecular packing in SAMs of islands
of alkanethiols partially covering the gold surface induced by external pressure as
well as a comparative study of the frictional and structural properties of alkanethiols
(CpHap4+1SH, n =12, 16) and mixed films were described by Barrena et al. [106]. They
found that for single components films, the film height decreases in a stepwise manner
as a function of the load applied as well as a stepwise increases in friction force,
whereas mixed films exhibit two friction regimes: an initial stage where the friction
increases rapidly and a second stage whit similar slope to obtained for single component
films. Recently, Munuera et al. [95] used high resolution and high sensitivity FFM to

distinguish different crystallographic domains within alkanethiols islands self-assembled



4.1 Contact Mechanic Fundamentals Aspects

on Au(111). BP4 monolayers on Au(111) containing a and  phase domains were
studied by Paradinas et al. [107] by means of combined STM, FFM and adhesion
force measurements. Their results have shown that structurally identical but differently
orientated BP4 domains give rise to a variation in friction measurements, in particular in
the 8 phase for which the separate analysis of forward and backward scans is employed
to differentiate domains rotated 180°.

In the present chapter, we show different measurements performed for molecular
films of carboxylic acid (-COOH) and thiol group (-SH) terminated of nanostructures
at submonolayer obtained after annealing process. We compare the frictional response
between tall and low islands, the latter exhibiting the structure (2v/3 x v/3)R30°.

Though a general analytical theory of friction can hardly be developed because
of the many process involved, an analysis of the microscopic tribological properties of
monolayers systems has been focused on the dependences of the friction force on applied
load being functionally described by the Amontons” law (see equation 4.1) [108] for the
friction force,

F.=aFy+ Fj (41)

where « is the friction coefficient, Fy the normal force (applied load) and Fj the friction
force when Fy = 0. This type of dependence has been successfully used to characterize

different systems [109, 110].

4.1 Contact Mechanic Fundamentals Aspects
In 1882, Heinrich Hertz determined that the contact between a flat plane and a
sphere of radius R pressed together with a normal load P occurred within a circular

contact area with contact radius a following the equation,

PR\ /3
= (=2 4.2
o= (%) (12)
1—12 1—12 -1

being K = % Tormis Ejj> the elastic constant, E the Young’s modulus (i, j)

for the sphere and the flat plane, v (i, j) are the sphere and flat plane Poisson ratios.
To describe the adhesion contact between two surfaces, several models have been
proposed. The Johnson-Kendall-Roberts (JKR) model based on the assumption on an

infinitely small radius of effect of surface forces, i.e. interactions occur only within the
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contact area [111] and Derjaguin-Muller-Toporov model [112] based on two assump-
tions: surface forces do not change the deformed profile of the sphere that remains
Hertzian; the attraction force acts outside the contact perimeter pressing the bodies
together with the contact zone being under compression by the stresses distributed
according to Hertz Model. When two rough surfaces approach each other their opposing
asperities with the maximum heights come into contact randomly distributed in space
over the area of apparent contact. The total area of these zones is known as the real

contact area. The formula for calculating the radius of adhesive contact is,

R
at =2 (P +37Ry + {/6rRPv + (37er)2) (4.3)

Therefore, in absence of adhesion force (y=0) the Hertz equation is obtained while if
~v > 0 the contact radius always exceeds that of the Hertzian contact area under the
same normal load P. Moreover, when the contact is fully unload (P=0) it does not

disappear but remains finite with the radius,

2,0\ 1/3
a= (6”;? '7> (4.4)

once defined the contact radius, the contact area can be written as,

2/3
A=n [I}E (P +37Ry + Y/6rRP + (BWRVP)} (4.5)

or being proportional to the external applied force and the adhesion force,

A x (Fext + Fadh)2/3
(4.6)
A x F0.67

In chapter 5 we will presents electronic transport measurements through of the mole-

cular film where the contact resistance could dependent with the contact area.

4.2 Dependence of friction response with the applied
load on surfaces with MMTA

We were interested on studying the frictional properties on samples of MMTA pre-
pared at low and high immersion times using different solvents, such as THF, ethanol,
toluene and acetic acid. Solutions of MMTA were obtained following the protocols in

chapter 2 for 30 minutes and after several days of immersion and thermal treatment
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for 16 hours or more. The experiments were performed under a controlled Relative
Humidity (RH) ~ 5%. We used different types of cantilevers, from Veeco Probes,
Budgetsensors and Nanosensors™ with nominal force constants of k = 0.5 N - m™1,
k=038N-m™ ' k=01N-m! and rectangular conductive diamond and chro-
mium/platinum coated cantilevers of k¥ = 0.2 N - m~!. Small size images revealed
irregularities on top surface of the tall islands. This fact is also reflected on the friction
map. The molecular packing, the terminal group and the measurements conditions will
have an important effect on the tip-sample interaction. J. te Riet et al. [113] have used
the nanografting method to construct well-defined nanoscale patches of thiols with
functionalized end groups (-COOH, -NHg, -SH, -OH, -CF3) in a SAM matrix on a gold
surface Au(111) showing the following friction hierarchy CHs < CF3 < OH < SH <
COOH < NHs. Depending on the end group type, these nanografted patches exhibited
considerable differences in lateral friction force offering the possibility to use the friction

response as a molecular recognition tool.

In agreement with the model exposed in chapter 3 [75], we expected the COOH and
SH end groups for low and tall islands of MMTA, respectively, for which have been

self-assembled and nanostructured after annealing.

4.2.1 Without Thermal Treatment

In this section, we show simultaneous topographic and friction images to map
chemically distinct domains at nanoscale using frictional force microscopy (FFM).
The basis of the following results is the dependence of the frictional interactions to
identify chemical functional groups such as (-SH) and (-COOH) at the outermost of
microscopic contacting areas. In agreement with the previous chapter, low islands with
a (-COOH) end group and bilayers with a (-SH) end group were characterized using
tetrahydrofuran or toluene solutions of MMTA for different immersions times, whereas
ethanolic solutions of MMTA showed multilayers formation or cluster of islands in low

concentrations and high immersion times without annealing.
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4.2.1.1 Friction at low coverages from THF solutions
of MMTA

Figure 4.1 shows the topographic image (a) and the friction map (b) of the MMTA
molecular film after immersing in a 100uM THEF solution of MMTA for 30 minutes.
By using THF solutions, few bilayers were observed that allowed identifying the (-
COOH)termination and its molecular length around of 1.54+0.1nm by means of scrat-
ching experiment. Simultaneous profiles taken on both topographic and friction images
revealed a friction difference value of 12+2mV between the (-COOH) termination and

the gold substrate by applying 0.5nN.
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Figure 4.1. Topographic (a) and friction map (b) of MMTA on Au(111) after immer-
sing in a 100uM THF solution of MMTA for 30 minutes. Numbered profiles (1, 2) taken
along the lines in topography and friction map are shown in (¢ and d), respectively.
Brighter regions on the friction map correspond to bare gold substrate. The brighter
spots in topography correspond to tall islands. Adhesion force: -3.8nN; Applied force:
0.5nN. Total z-scale: (a) 0-5nm; (b)-15mV to 48mV.

Profiles are taken along the low islands as well as an incipient formation of tall

islands with lateral dimensions of about 30nm respect to bare gold as reference. Num-
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bered profile “1” shows a friction difference of about 9+2mV between the brighter spot
(tall island) and substrate. Similar value is shown for the numbered profile “2” between
the low islands of MMTA and the substrate. Scratching experiment was performed to
obtain a region of bare gold to compare the friction. From results, we observe that the
molecular film reduces the friction response of the substrate of about 60%-85%, then

the lubricant character of the organic film is manifested.

4.2.1.2 Deciphering multilayers composition of 3D struc-
tures

Figure 4.2 shows topographic (a) image, friction map (b) (described in section
2.2), simultaneous topographic and friction profiles (c) taken along the lines in (a,
b). Lateral force images (Forward and backward) are shown in (d, e), respectively, and
simultaneous profiles are sown in (f). The topographic image shows several layers of
the three-dimensional structure. Some are non-homogeneous, as will be suggested later
might be related to a different chemical termination since the difference in height is &~
1.5nm. Topographic image reveals three levels of the 3D structure. From simultaneous
topographic and frictional profiles taken along the line in (a, b) we observe a similar
friction value between second and third level with a difference in height of about 8.4nm
(5 single molecular lengths of 1.68nm), meaning they present the same terminal group.
First and second level of the 3D structure shows similar height difference of about 8.4nm
with a friction difference of 15mV between them. By comparing friction values between
the first level and inhomogeneous regions of the second level, the friction difference
between them is hardly detected (profiles not shown).

Taking into account the hydrophilic character and reactive of the molecular surface,
the lateral forces images can be used to get insight about the chemical composition
or structural order due to dissipation on the explored surface and measured by the
torsion of the cantilever. Larger lateral forces in the forward scan are represented as
bright colors, whereas a dark color is visualized in backward direction. Figure 4.3 was
obtained by zooming in the 3D structure. Topographic image (a) and friction map show
some details on the second level as reveals the simultaneous profile in (c).

A height difference of 1.54+0.1nm and friction difference of 15+2mV, quantified to be

about 13% higher at the flat region than at depression marked with a dashed curve on
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Figure 4.2. Topography (a), friction map (b) and cross-sectional profiles (c, f) taken
along the lines in (a, b, d, e) images. Lateral forces and friction profiles in (f) are
calculated from profiles taken along the lines in lateral force images (d, e) and friction
map in (b). The levels of the 3D structure have been denoted as first, 2"® and 37 in
images and profiles. Total z-scale: (a)0-54nm; (b)-0.11V to 0.8V.
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Figure 4.3. Topographic image (a), friction map (b) and simultaneous topographic and
friction profiles taken along the line in (a, ¢) on the second level of the 3D structure are
shown in (c). Dashed lines in (a, b) indicates the inhomogeneous region on the second
level. Total z-scale: (a)0-54nm; (b) 4mV to 624mV.

the second level are shown. This inhomogeneous layer is observed in topographic image

as a small dark region on the second level, as well as a contrast in friction image between
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these regions. From these results, we deduce the presence of both chemical terminations
in agreement to multilayer formation by hydrogen bridges and electrostatic interactions
between bilayers within the stacking. Taking the first level of the 3D structure as a
reference, lateral force profiles show that the second level appear brighter than the first
level in both scan directions. Same friction value beteween the second and third level
can be associated to same chemical termination or a result of friction asymmetry? or
different friction observed between the first and second or third level can be due to the

friction anisotropy? Can both friction asymmetry and friction anisotropy be present?

Both friction anisotropy and friction asymmetry are related to the dependence of the
mechanical response on the sliding direction. The term friction anisotropy, on the one
hand, refers to the variation of the friction coefficient (x) with the relative orientation
of sliding surfaces and is commonly correlated with the azimuthal orientation of a
crystalline surface. On the other hand, friction asymmetry arises from a direction de-
pendent (asymmetric) surface potential and has been also called directional dependence

of friction (see nanotribological studies performed by Paradinas et al [107]).

FFM has been found to be sensitive to the tilt of molecules in two-dimensional
molecular arrangement at surfaces [114] and employed to discriminate ordered configu-
rations presenting different friction coefficients or different packing [95], as well as to
identify highly dissipative transient molecular configurations [115] or tilt of carbonate
ions at surface of calcite (CaCOs3) to explain frictional asymmetry [116]. Segura et
al. [117] observed on freshly cleaved (011) surface of L-alanine in terraces or islands
a relevant friction asymmetry. Both terraces and islands exhibit the same nature and

crystallographic structure but a 180° rotated orientations.

Some nanostructures have shown several hundreds of mV in lateral force for both
scan directions. Figure 4.4 presents the topography (a), the friction map (b) and lateral
force images (Fw&Bw) (d, e) of a 3D structure. Simultaneous profiles taken along the
line in all images are shown in (c, top profile) and (f, down profile). We observe a
difference in height of about 6.3nm for the island (4 single molecular lengths of 1.6nm).
Both profiles revealed less dissipation at the island than at the outside film. The top
profile crossing the 3D structure was normalized to enhance and visualize this behavior.

The down profile taken along the line between the outside film and part of the 3D
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Figure 4.4. Topographic (a), friction map (b) and lateral force (Fw&Bw) (d, €) images.
Nanostructures were obtained by drop-casting method from 2uM ethanolic solution of
MMTA revealing friction asymmetry. Simultaneous topographic and lateral force are
shown in (c, f). Normalized values for the lateral force are shown in (c). Total z-scale:
(a) 0-13nm; (b) -0.345V to 0.415V.

structure shows the same trend for both scan directions. Interestingly, the friction map
shows similar contrast between the outside film and regions within the 3D structure. A

possibility of friction asymmetry is studied on molecular domains of these structures.

High resolution lateral force imaging allows observing small oriented molecular
domains of ~ 15nm? on top of the 3D structure, as shown in section 3.2. Figure 4.5
shows topographic and high resolution lateral force images (a) recorded on top of the
3D structure from Figure 4.4. Small molecular domains were observed by zooming in
high resolution images (a, down). By tracing a line along theses domains as shown in
high resolution image (a, top) for forward and backward scan, we observed a behavior
of friction asymmetry, as depicted in (b, down). A cartoon is depicted in (b, top)
to explain this behavior during scan for both directions (Fw&Bw). In forward (the
tip moves from left to right) and backward scan (the tip moves from right to left)
across domains named a and b. When the tip moves on the a domain, the cantilever

experiments higher torsion than on the b domain, this fact can be explained if molecules
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in b are rotated 180°. Similar explanation is deduced in backward scan, the cantilever
experiments higher torsion in a’ than b'.

Despite the friction asymmetry, a contrast in LEM images between domains were not
clearly observed. On the upper island surface a roughness of 0.18nm was estimated, i.e.
an homogeneous chemical composition can be assumed, but an asymmetric response of

the friction along the scan direction was detected, which is related to equivalent rotated

domains.
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Figure 4.5. Topographic image of a 3D structure and high resolution images recorded
on marked with yellow dashed line are shown in (a). High resolution lateral force
images show small domains found on the nanostructures. Cartoon showing the friction
asymmetry and correlating with the profile taken along the line in high resolution image
is depicted in (b). Regions (a, b) and (a’, b”) are associated to molecular domains on
the 3D structure during forward (black) and backward (red) scans, respectively.

From experimental data obtained for lateral force in (b) and summarized in table
4.1, we measured the absolute value of the friction difference for the positions labeled
A |ba'|=104mV and A |ab'|=98mV. The discrepancy of the friction difference estimated
above is, however, within the experimental error (5%). Bluhm et al. [118] have illu-
strated by a saw-tooth-like potential the possible friction asymmetry origin of organic
ferroelectric crystals which ascribed to domains with the same structure but opposite

molecular tilt directions. But, not all the 3D structures obtained by drop-casting me-
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Lateral Force (mV)

a b a v Alal| Albd|

-1447.1 -1457 -1561 -1546 98 104

Table 4.1. Experimental data of friction asymmetry of small domains on 3D nano-
structures. The a, b and a’, b’ values were calculated based on raw data average for
each zone.
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Figure 4.6. Topographic (a), friction map (b) and lateral force images (Fw&Bw)(c,
d) on the 3D nanostructure obtained by drop-casting using a 2uM ethanolic solution
of MMTA. Total z-scale: (a)0-9.5nm; (b) -0.02V to 0.152V.

thod have revealed friction asymmetry. For conventional LEFM measurements, friction
contrast within molecular domains occurs due to differences in the chemical composition
of the surface which modify the surface potential. For homogeneous surfaces and surface
potential symmetric along of a scan line, the lateral force contrast is reversed for
opposite scan directions, and the observed lateral forces are independent of the relative

orientation of tip movement with respect to the molecular surface.

Figure 4.6 shows topographic (a), friction map (b) and lateral force images (Fw&Bw)(c,

103



4.2 Dependence of friction response with the applied load on surfaces with
MMTA

d) of a 3D structure formed on the Au(111) substrate by drop-casting . Simultaneous
profile taken along the line in all images are shown in (e). Cross-sectional profiles
obtained from topographic and friction images show a clear difference of friction of
504+10mV between the nanostructure and the background surface. The profile taken
on the 3D structure reveal a height of 6.240.3 nm (double bilayer, 2L) showing lower
lateral force than on the background surface in forward direction with similar behavior
for the bilayer case. This fact suggests that for 2L values a (-SH) end group will be

exposed on topmost surface.

4.2.1.3 Friction Response of the Bilayer
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Figure 4.7. SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours. Topographic (a), lateral force (Fw&Bw) (b, ¢) images
and friction map (d) with simultaneous profiles taken on the tall islands (bilayer). Total
z-scale: (a) 0-27nm; (d) 23mV to 900mV. Adhesion Force: -1.5nNj; applied force -0.2nN.

Figure 4.7 shows the topographic image of cluster of MMTA islands formed after
20 hours from 100u4M toluene solution of MMTA. Bilayers of 3.14+0.1 nm are observed
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respect to the gold surface. In lateral force (Fw) less dissipation is observed at the
bilayer that at the substrate, by taking the simultaneous profile on topographic image
and friction map we measured a friction difference between the thiol group (-SH) and
the gold surface of about 120+10mV, having higher dissipation values on the substrate.
The apparent inhomogeneous friction within the cluster islands in (d) is due to the small

lateral dimensions and the roughness of the bilayer island top.

100 200 e
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Figure 4.8. SFM images of Au(111) on mica after immersing in a 100uM toluene
solution of MMTA for 20 hours. Topographic(a), and friction map(b) the simultaneous
profiles taken on the tall island (bilayer) and depicted in (c). The histogram in (d)
shows the friction value for the substrate and the bilayer. Total z-scale: (a) 0-6nm; (b)
13mV to 390mV.

Unlike the nanostructure showed for ethanolic solution in Figure 4.6 where the bare
gold is no clearly defined and by which a friction difference of 50+10mV was measured,
the Figure 4.8 reveals bilayer clusters and the gold surface as reference. Bilayer islands
of 3.240.1nm in height are shown in topography image (a) with lower friction response
than to the bare gold as shown the friction map in (b) and the difference of about 80mV
as shown the histogram in (d) for the whole friction image. We have suggested a (-SH)
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termination for bilayer and double layers, then we will expect a similar friction response
for both cases if the friction response is given for type of chemical termination, however
a discrepancy of at least 20mV exist. This possible discrepancy can be explained if
some molecules with (-COOH) termination on the gold surface or lying-down phase
are presents, in addition of any lose molecules that are not removed due to the low
applied force. The most plausible explanation can be ascribed to single molecules within
an intermediate phase lying down - standing up that reduces the friction value. The
simultaneous profiles in (c), topographic and friction, show that friction values at border
of the bilayers appear softer than the abrupt behavior in the topographic profile due
to the poor molecular packing. The adhesion force of -1.5nN at the background surface
was measured for several force distance curves. The images were recorded at -0.2nN

normal force.

4.2.2 Tribological Studies After Annealing Treatment

Structural and morphological changes as a function of annealing time, immersion
time and solvents were presented in previous chapters. We show in this section, the
friction and adhesion response of the MMTA islands after annealing. Each set of samples
under their respective preparation protocol were annealed in an appropriate furnace in

air. The temperature was fixed at (110£10)°C and kept constant to compare results.

4.2.2.1 Low Islands and Friction Map

In spite of the difficulty to elucidate the friction difference between tall and small
islands for the samples obtained from THF solutions of MMTA (see Figure 4.9), as
it will be seen later on this section, small difference of (= 8mV) are obtained. The
high coverage on the surface due to the high immersion times and concentrations used
suggests to use the 3D modes for friction measurements simultaneous on both low and
tall islands. Topographic image (a) reveal low islands connected between them and few
tall islands to establish a clear friction difference as shown simultaneous topographic

and friction profiles in (c).
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Figure 4.9. Topographic (a) and friction map (b) of Au(111) substrate after immersing
in a 100uM THF solution of MMTA for 16 hours and post-annealing at 120°C for 16
hours. Total z-scale: (a) 0-7Tnm; (b)-2mV to 40mV. Adhesion force: -1.8nN; applied
force: -0.1nN.

4.2.2.2 Friction and Adhesion Measurements between
Low and Tall Molecular Islands

Samples obtained from acetic acid solutions of MMTA after immersing the Au(111)
substrates in 100uM for 30 minutes and longer periods of immersion and annealing are

presented.

Figure 4.10. Topographic (a) and friction (b) images of Au(111) after immersing in a
100uM acetic acid solution of MMTA for 30 minutes and post-annealing at 100°C for
16 hours.

Figure 4.10 shows the morphologies described as low and tall islands. Topographic
image (a) and friction map (b) reveal similar friction contrast for the surface of the low

and tall islands, this observation is clearer for the delimited regions in topography
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and friction map. By correlating topographic and friction profiles for tall islands,
we observed a height difference of 5A on the topmost surface. The COOH and SH
end groups are associated with high reactivity with the environment and this height
difference can be related with adsorbed contaminants and wetting layer even in low

relative humidity conditions.
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Figure 4.11. Topographic (a) and friction map (b) of the Au(111) substrate after
immersing in a 100uM acetic acid solution of MMTA for 17 hours and annealing at
100°C for 16 hours. Simultaneous profiles on the topmost surface of tall islands (1, 2)
and tall with low island (3) are shown on the right panel.

Once obtained the morphological characterization of samples prepared for 17 hours
in 100uM acetic acid solution of MMTA, those were thermally treated. To compare mor-
phological or structural changes with the samples prepared for 30 minutes of immersion
times we fixed a common post-annealing time and temperature (105+£5)°C. Figure 4.11

(a, b) presents the topography and the friction map for the surface of the tall islands.
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Numbered profiles (1, 2, 3) taken along the lines in (a, b) are shown on the right panel.
Numbered profiles (1, 2) taken on the bilayer surface revealed a difference in height
of about 0.35A and friction difference of 84+2mV and (Az ~ 0.4A and A friction ~
10mV), respectively. The profile (3) shows a difference in height equal to the molecular
length between tall and low islands, 1.54+0.1nm, and a friction difference of 13+2mV.
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Figure 4.12. Topographic (a), lateral force (Fw&Bw) (b, ¢) and friction map (d)
images of the MMTA morphologies after annealing at 100°C. Topographic profile shows
islands with dimensions corresponding to low and tall islands. Cross-sectional profile
on both morphologies and bare gold with the lateral force are displayed in (e). Friction
map (d) reveals low friction values for the tall islands (bilayer) as displayed in profile (f).
More detailed values can be observed with a contour map (not shown) of the friction
map, where some tall islands show a friction contrast on the topmost surface. Total
z-scale: (a) 0-6.5nm; (d) 2.3mV to 68mV.

Figure 4.12 shows the morphologies of low and tall islands described in chapter 3.
From lateral force images we traced profiles across of these islands to define a friction
value respect to each other. A friction difference of 5+2mV between low and tall island
was measured; however, on the topmost surface of the tall island friction differences of

about 3mV was also measured. A closer look of the friction map we can observe regions
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with friction contrast for tall islands and differences in height that do not correspond
to the MMTA molecular length. These observations would confirm the existence of
two very reactive chemical terminations: a carboxylic group for low islands and a thiol
group for the bilayer. Note that the friction of the bare gold is 1.5 times larger than

the molecular film.
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Figure 4.13. SFM images of low and tall islands of MMTA on Au(111) after immersing
in 100uM acetic acid of MMTA for 16 hours and annealing at 110°C for 17 hours.
Topographic (a, ¢, e) and friction map (b, d, f) are shown at RH 15%. Panel (e, f)
corresponds to the same sample with 4 days old. Applied force: 2.5nN for (a, c¢) and
1.5nN for (e); Adhesion force (-2.5nN).

All presented measurements have been performed at low relative humidity conditi-
ons (RH< 5%). However, we obtained new samples to perform measurements at RH

above 15%. Following the recipe for longer immersion times into acetic acid solution
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and fixing the post-annealing time and temperature, we reproduced the morphologies
previously observed. As show the friction maps (b, d) in Figure 4.13, both morpho-
logies reveal inhomogeneities and hardly differences between them can be detected.
Simultaneous profiles traced on several zones (not shown) revealed a small difference of
5+2mV for low and tall islands for images acquired in contact mode by applying 2.5nN.
The same sample was observed 4 days later in air, and the friction map showed more
detailed zones between both morphologies and bare gold, as shown in (e, f). Although
the friction difference between low and tall islands was not above 10mV, we suppose
that for longer times exposed to the environment, the low islands tend to increase their

friction respect to the termination of the tall islands.

Alternatively, the 3D modes were also employed to evaluate the tribological proper-
ties of both low and tall islands described in section 2.2.3.2. By doing this, we obtained
simultaneous images of the normal force and lateral force images for a selected area.
When both tip and molecules are pressed against each other with an increasing load
(F), the area of the contact increases in the manner predicted by continuum mechanic
models basically the Hertz model and its modified versions (JKR, DMT) including
short and long range adhesive interactions. By applying the Hertz model, the contact
area of spherical bodies increases as F2/3 assuming an elastic deformation by which
we will expect the friction follow a F2/3 dependence on load as long as the dissipation

process do not change (see equation 4.6).

Figure 4.14 shows a typical acquisition using 3D modes for friction measurements
with a selected line X in forward and backward scan direction across both types of
islands. Normal force (F,,), friction map (b) calculated from simultaneous lateral force
images are shown. Vertical and horizontal lines allow measuring the friction and the
force values on the maps. Image in (c) is a 3D representation of normal force image.
Experimental data with two polynomial functions are shown to explain the behavior
of the friction within force ranges. The profile (d) taken on the tall island shows a
smooth and almost linear behavior within a range force, where we have point out
this threshold load of about 5nN. Depending on the island sizes, the threshold can be
observed at different load values. The following graphs show how the friction between

a gold substrate covered by tall and low islands of MMTA and the AFM silicon tip
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Figure 4.14. 3D modes for calculating friction on MMTA morphologies. Normal force
F,, and friction map of MMTA islands obtained in 100uM acetic acid solution of MMTA
for 16 hours and annealing at 100°C for 17 hours. Image (c) is a 3D representation to
observe both low and tall molecular islands from (a). Profile in (c) reveal friction changes
respect to the applied force in (d). Linear and non-linear models are suggested to fit
the experimental data. Image (a) has been filtered only to enhance details, whereas (b)
has been calculated subtracting the lateral force images.

evolves as the load is increased.

Figure 4.15 shows the normal force F,, (a) and friction map (b) with simultaneous
numbered profiles taken along the tall islands. All profiles and the threshold load
(~5nN) with vertical lines are shown in panel (c). Following a Hertzian contact and a
normal force, F,, = Fjoqq + Fuan, the frictional force per unit area can be interpreted
as the shear strength of the tip-molecule junction. If this shear strength is assumed
constant, friction force is determined by the contact area. The dependence of the friction
with the normal force is modeled by means of polynomial functions, at low loads. We
will analyze the contribution to the friction of the function Y = aF2/34 8F at low force,

being the first term proportional to the contact area, while the second one proportional

112



4.2 Dependence of friction response with the applied load on surfaces with
MMTA

1 90nmm

ey =it

Fricion (mY')
¥ %5 8
'-u-E-
11*;

Friction {my)
= =
-l
Friction, (mif)

12 8 & 4. & 12 '
Feess (al) Fome imh)

Figure 4.15. (a) Normal force F,, and (b) friction map of MMTA islands obtained
in 100uM acetic acid solution of MMTA for 16 hours and annealing at 100°C for 17
hours. (c) Profiles were taken on MMTA tall islands to determine the friction value at
different loads.

to normal force.

At low applied forces (~1nN), friction differences between low an tall islands can
hardly be measured (see color contrast in friction map Figure 4.15); however by incre-
asing the load friction is higher for the low than tall islands.

A close inspection to the friction curves at low forces we observe a linear behavior
for bothY = C + ...+ Bz"~ ! + 2" and Y = B + Cx functions employed, as shown in
Figure 4.14(d). With the Hertz theory, assuming a single asperity contact, a two-thirds
power law is expected of the relation between the friction force and the normal force,
F,,. However, by increasing the asperity contacts, a linear dependence is more likely,
because asperities are elastically flattened to give a single point contact even at low
loads. In table 4.2 we have summarized the results of some regressions performed on
the labeled profiles by which both models suggest a linear friction dependence with
the applied load within a low force range from all curves shown in Figure 4.16. From
non-linear regressions, the exponent value n is close to 1, except profiles (8) and (9)

where the friction response follows an approximated Hertzian behavior. The dependence
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Figure 4.16. Profiles taken on the tall islands by means of the 3D modes. Top: Panels
show more detailed profiles of friction versus load on MMTA islands. Bottom: at low
range of applied force a Hertzian and linear model are fitting the experimental data.

of the friction force with the normal force, comes mainly from the term SF’, as described

before, being a characteristic behavior of complete monolayers.

Profile A 2" B+C-x Ratio
A n B C A /C

280 097 210 230 1.20
201 094 146 157 1.28
1.70 093 138 1.22 1.39
1.v9 1.00 130 1.54 1.16
2,70 0.71 287 119 2.26
4.50 049 3.06 1.31 3.40

© 00 O Ot Ww

Table 4.2. Friction dependence with the contact area and linear dependence with the
applied force of tall islands.
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Tall islands with lateral dimensions above 50nm present less lateral reduction when
the applied force is increased, as shown numbered profiles (4, 7, 8, 10). This observation
is also supported by some regions with step or plateau frictions corresponding to a
specific force range (above 4nN). We suggested that tall islands are more stables and
compactness and higher applied force are required to totally compress prior to damage
of the islands. The higher cohesive energy of the tall islands yields mechanically more
robust layer, in which compression and creation of conformational defects is hindered,
and thus the number of deformation modes that can absorb energy from the probe is

reduced, leading to a lower friction force.
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Figure 4.17. Normal force F,, and friction map of MMTA islands obtained in 100pM
acetic acid solution for 16 hours after annealing at 100°C for 17 hours. Profiles were
taken on MMTA low islands with lateral dimensions less than 20nm to determine the
friction at different loads.

Profiles on low islands with lateral dimensions below 20nm were also drawn to
estimate the friction as a function of the load (see Figure 4.17). Normal force F,, (a)
and friction map (b) with simultaneous profile taken along the low islands are depicted.
Some characteristics were observed in selected profiles, as shown in Figure 4.18. Profile

(1) shows steps in the friction values at 2nN, 6nN and 8nN. When scanning at an

115



4.2 Dependence of friction response with the applied load on surfaces with
MMTA

applied load above ~7nN, the energy provided by the probe is enough to disturb the
molecular packing of the low islands prior to irreversible damage. Similar values of
applied force were measured for profiles (5, 2, 8). Each jump in the friction value
was correlated with jumps in force distance curves in repulsive regime recorded during
friction measurements and electrical characterization to study a possible molecular tilt
angle as a function of the load. Unlike the friction curves obtained on tall islands,
for low islands was not evident at low loads a behavior smooth of the curve. This is
due to the successive turning on of new energy loss mechanism that are related to the
deformation of the molecular assembly, vacancies or defects and size of the islands.
Moreover, depending of the island size, the threshold force prior to damage can be

observed even at OnN normal force (curves not shown).
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Figure 4.18. Profiles taken on the low islands and lateral dimension below 20nm.
Panel shows detailed profiles of friction versus load by means of the 3D modes. Jump
of the friction values are observed each 2nN in the repulsive regime.

As described Munuera [91], to tilt the molecular assembly a small separation bet-
ween chains must exist (vacancies, defects,due to the penetration of the tip), to allow
chain disengagement. Once separated, the chains are able to slide and arrange with a
different tilt angle. The increase in friction is due to the energy absorbed from the the

probe to overcome the activation barrier of the tilting process
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Several topographic and lateral force images were also recorded in the same zone,
0.5x0.5 pm?, at different loads. By taking the friction values in simultaneous positions
for both topographic and friction images, a friction versus load curve is obtained. This
method is convenient if the sample has large inhomogeneous domains. By using this
method, a small area on the tall island is assumed homogeneous and taking both lateral
force images (Fw&Bw) while the loading force is increased for each acquisition image
we obtain the friction as 1/2(LFp,, — LFp,) for the whole image. For a range of force,
we observed completely removed the molecular film leading to observe the bare gold
and some monoatomic steps, as shown in Figure 4.19. Topographic images of Au(111)
substrate after immersing in a 100uM acetic acid solution of MMTA for 16 hours and
annealing at 115°C for 16 hours is shown in (a). After loading experiment, all islands are
removed leading to observe the bare gold substrate and monoatomic steps, as shown
in (b). Topographic and friction values can be calculated of each recorded image at
different load, as shown simultaneous profiles in (c). In this case, we have chosen a tall

island to compare the behavior of the friction with previous 3D measurements.
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Figure 4.19. Topography image of Au(111) substrate after immersing in a 100uM
acetic acid solution of MMTA for 16 hours and annealing at 115°C for 16 hours is
shown in (a). Bare gold substrate and monoatomic steps are observed after loading
experiment in (b). Simultaneous friction and height versus applied load curves on the
tall island for the marked region in (a) are shown (c). The molecular islands are removed
by applying ~ 8nN.

We observed also the stepwise behavior on tall islands by acquiring simultaneous

topographic and friction images of a small selected area. It can be seen that every jump
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in height at 2nN, 3.5nN and 4.5nN of applied force is accompanied with a restoring
effect. As the load increases, the tip tilts the molecules under it while the molecules in
the trailing part restore after passing of the tip. In addition, a 30% of the total height of
the bilayer was reduced for loads between 2nN and 6.5nN as shown the black arrows in
(c) prior to total compresing. Interestingly, for the range force between 0.5nN and 5nN,
the friction curve reproduces the behavior of the friction curves measured by means of

the 3D modes on the tall islands in Figure 4.15.
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Figure 4.20. Simultaneous friction curves from 3D measurements for tall and low
islands. Friction difference AFrgi_coorr taken on low and tall islands by taking profiles
(7,9) and (2, 1) are shown in (a) and (b), respectively.

As described before, for a range of force from 0.5nN to 5nN the friction behavior is
almost monotonous linear and related to the increase in contact area with applied load
for tall islands with lateral dimensions of ~ 50nm, in agreement with the load dependent
model. However, for low islands with lateral dimensions of about 20nm within of this
range o force a stepwise behavior was observed. At low force (below 1nN) differences in
friction was not measured between tall and low islands with similar lateral dimensions.
In spite the constraints, we tried deduce a friction difference between the carboxylic
group (-COOH) of the low and thiol group (-SH) for tall islands.

Figure 4.20 shows two examples of the trend of the friction for small and tall islands
when the load increases. For all measurements, the (-COOH) end group revealed higher
friction than the (-SH) end group. Panel (a) shows friction curves for the thiol (-SH) and
carboxylic (-COOH) end groups from low (profile 7) and tall (profile 9) islands, from
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Figures 4.17 and 4.15, respectively. The friction difference between them is expressed
as (AFr = Frgpmay — Frigu). Panel (b) shows similar analysis between profiles taken

from 3D modes for low (profile 2) and tall (1) islands.

From these results, the friction difference at low force (below 3nN) corresponds to
low values (=3mV), however this difference is increased up to 15+3mV when the applied
force is about 9nN. From F, images one can deduce that by applying forces of about
6nN the low islands with reduced lateral dimensions can be completely crushed. Taking
into account this fact, we suggest that a correct and comparatively friction difference
between both (-COOH) and (-SH) terminations for similar lateral dimensions of the
islands (above 20nm) is of the order of 8+3mV at RH < 5% conditions, within a force
range from 2.5nN to 6nN.

Surface properties such as the adhesion can also be used to differentiate the chemical
compositions of the explored surface. Because most samples obtained after annealing
have shown two morphologies that correspond to a low islands with COOH-termination
and tall islands with SH-termination, we performed studies of adhesion force on both
terminations. A typical method employed for most SFM equipments is the so-called
Force Volume Imaging, where the deflection of the cantilever is recorded as the tip
approaches, contacts and retracts from the surface. A force volume contains an array
of these force curves measured at a unique position over the entire explored area. Force
curves from an array of points are combined into a three dimensional volume of force

data.

Figure 4.21 shows topographic and adhesion maps acquired with force volume
imaging. At low relative humidity (RH< 5%) the adhesion force difference of 80+10 pN
between low and tall islands can hardly be detected. However, by increasing the RH at
25% and 35%, the adhesion of tall islands increased respect to that of the low islands.
By correlating topographic and adhesion maps, one can observe that higher adhesion
values correspond to the bare gold substrate. Adhesion force differences of 110+10pN
and 200420 pN at RHa25% and RH~35%,respectively, were obtained between the low

and tall islands.

We present in Figure 4.22 the adhesion force difference measured between small

and tall islands for several samples at RH (5%, 25% and 35%). To keep a RH (< 5%)
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Figure 4.21. SFM images of MMTA islands on Au(111) surface after immersing in
a 100uM acetic acid solution of MMTA for 16 hours and post-annealing at 110°C
for 17 hours. Topographic (a, d, g) and adhesion maps (b, e, h) were obtained by
using the force volume imaging for 5%, 25% and 35% of relative humidity, respectively.
Simultaneous profiles taken along the lines in topographic and adhesion maps are shown
in (c, f, 1).

a nitrogen stream was always mantained for several hours, whereas intermediate RH
values were obtained after turn off the stream nitrogen and maintaining the hood of
the microscope head. For RH > 30% conditions the measurements were carrried out in
air.

According to the different models in contact mechanics such as Hertzian model, JKR
or DMT the work of adhesion per unit area () can be obtained from experimental data
using the equations 2.3 and 2.4. Force volume imaging allowed acquiring topographic
image and adhesion map simultaneously to correlate each other and to obtain the

specific regions of COOH and SH terminations on the sample. An estimation of the
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Figure 4.22. (a) Evolution of the adhesion force difference between low and tall islands
of MMTA as a function of the relative humidity (RH). Small differences of the adhesion
force were measured at low RH (< 5%), whereas important changes were observed at
higher RH values. Error bar correspond at (5%) of the obtained values for a series of
samples. (b) Work of adhesion calculated within the limits given by JKR and DMT
models for silicon nitride and ultrasharp tips as well as for coated conductive tips at
low RH < 5%. (c) Work of adhesion obtained for some materials by using contact angle
adapted from [119]. Work of adhesion estimated from JKR and DMT regimes using
silicon and coated conductive tips with radius 20nm and 100nm, respectively, at low
RH(5%).

work of adhesion depends upon the appropriate contact regime (JKR— DMT). By

using the generalized equation,

Fputi—ofy
Zpull—off 4.7
x7R (47)

where x varies monotonically from 1.5 for the JKR limit to 2 for DMT limit, R the
effective radius of the tip, and Fp,;—ors experimental. The estimated work of adhesion

is shown in Figure 4.22 (b) within limits given by x . Adhesion values at low relative
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humidity (RH< 5%)(black curve) on low islands (-COOH end group) ranged from -2nN
to -8nN of force using silicon nitride or ultrasharp silicon tips during experiments,
whereas higher adhesion values during electrical experiments (-25nN to -100nN) at low
relative humidity using conductive diamond or Cr/Pt tips were measured (red curve at

-40nN and dashed curve at -90nN). Details are summarized in table 4.3.

Fpui—orf R 7JkR YDMT
nN nm (Jm™2) (Jm~?)

-2 20 0.021 0.015
-9 20 0.053 0.037
-8 20 0.084 0.060

-40 100  0.084 0.060
-90 100 0.190 0.136

Table 4.3. Work of adhesion estimated by applying JKR and DMT models on the
low islands (-COOH) end group at low RH(5%). Silicon and coated conductive tips of
nominal radius of 20 and 100nm, respectively, were employed.

Work of adhesion of some materials such as Si(111), Au (111) and Hexadecanet-
hiol (HDT), Biphenylthiol (BPT), Cross-linked Biphenylthiol (BPTC) and Mercapto-
hexadecanoic acid (MHDA) and dihydroxybiphenyl (DHBp) SAMs on Au(111) were
obtained by means of the contact angle technique [119], whereas the work of adhesion
of MMTA islands (-COOH) end group was estimated by our SFM measurements. MHA
and DHBp SAMs which have polar surface terminal groups (-COOH and -OH) lead to
larger v values. From experimental results in Figure 4.22(c) we observe that the work
of adhesion of the MMTA low islands (with polar group COOH) at low RH values
is less than other SAMs with polar groups. This behavior is observed in JKR and
DMT models for tip radius of 20nm. However, using coated conductive tips the work of
adhesion is similar to that of the other SAMs. As mentioned in chapter 2, the adhesion
force consist of physical interactions such as electrostatic, van der Waals and chemical
bonding and capillary forces even at low RH. Capillarity effects, contact area, particle

shape and size, chemical property of the surface or molecular packing can be factors
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that affect the adhesion measurements and contribute to increase or reduces the work

of adhesion on the low islands.

4.2.2.3 Friction on Clustered islands

I e o) I —

Figure 4.23. SFM topographic (a) and friction map (b) of MMTA islands on Au(111)
after immersing in 100p4M ethanolic + acetic acid (10%) solution of MMTA for 16
hours annealing the solution at 30°C. Simultaneosu topographic and friction profiles

are shown in (c, d) along the short and long lines in (a, b). Total z-sale:(a)0-6nm;
(b)-5mV to 98mV.

After immersing the Au(111) substrates using a percentage of acetic acid (10%) in
100pM ethanolic solutions of MMTA at 30°C !, we observed the coalescence of some
islands with lateral domains of 50nm. Figure 4.23 shows the corresponding topographic
(a) and friction map (a). Small islands clusters reveal a friction difference respect to
the bare gold substrate of 30+5mV for the tall islands and 254+5mV for low islands.

The difference between both tall and low islands was measured to be about 8+3mV,

LA hot plate was used to heat the solution controlling the temperature for several hours.
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as shown simultaneous profiles in (¢, d) taken along the lines in (a, b). As previous
measurements for acetic acid solutions of MMTA, the friction of the bare gold substrate
is 3 times larger than for the molecular islands and the friction difference between low
and tall islands can hardly be detected. Clustered islands (low and tall) reveal less
friction than the bare gold substrate, as previous measurements at higher annealing

temperature using different solvents.

4.2.2.4 Aging Time Effect on the Frictional Response

Figure 4.24. SFM images showing the Au(111) surface after immersing in a 100uM
toluene solution of MMTA for 20 hours and annealing at 120°C for 24 hours. Topo-
graphy (a) and friction map(b) are shown. Some yellow and green arrows indicate the
bare gold and the low islands. Applied force : -0.5nN; Adhesion force :-2.5nN.

Figure 4.24 shows the topography (a) and the friction map (b) of MMTA on Au(111)
after immersing in 100uM toluene solution of MMTA for 20 hours and annealing at
120°C for 24 hours. Low and tall islands were also observed for toluene solutions of
MMTA for longer immersion times after annealing. Small friction differences (=8mV)
between both types of islands for different preparations and higher friction for the bare
gold substrate than the molecular film have been measured, at low RH (5%).

Yellow arrows indicate the bare gold areas in topography (a) and higher friction
values (brightness) on the friction map. The friction map revealed similar values for
low and tall islands for applied forces in the adhesion range, in this case the applied

load is -0.5nN and the adhesion force is -2.5nN.
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Figure 4.25. SFM images of the sample immersed in a 100uM toluene solution for
20 hours and post annealing at 120°C for 24 hours and observed one month later.
Topographic (a) and lateral force images (Fw&Bw) show simultaneous profiles to
compare the friction between low and tall islands in panel (f). Panel (d, e) shows
the topography and friction map of the center part of image in (a) with simultaneous
profiles shown in panel (h). Histogram in (g) obtained of the image (e) between low
and tall islands. Total z-scale:(a) 0-8nm; (b) -0.790V to 0.422mV; (c) -1.27V to 0.02V;
(d)0-4nm; (e)0.1V to 0.4V

Figure 4.25 shows the same sample measured one month after preparation to observe
any possible morphological or tribological changes. The lateral force images revealed
more energy dissipation on the low islands (i.e. more friction respect to tall islands) and
the friction difference between both increased 10 times respect to the fresh sample as
shown the numbered profiles (f, h) and histogram (g) for whole the image (50+5mV).
Note that the bare gold is not visible as before (fresh sample). The COOH-termination
of the low islands presents more reactivity with the environment than the SH termina-
ted. This behavior was also as observed in samples from acetic acid solution of MMTA
after 4 days of aging (see Figure 4.13).

In addition to factors related to the substrate and solution, the quality of the
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4.3 Friction Response of Patterned MMTA SAMs

molecular film is sensitive to factors such as adsorption temperature, immersion time,
annealing and aging time reflected on the molecular packing order and packing density

that can have some influence on the resulting friction value and cannot be neglected.

4.3 Friction Response of Patterned MMTA SAMs

Figure 4.26. Topography(a, d , g) and lateral force forward (b, e, h) and backward(c,
f, 1) images for different values of applied force from load movie. Total z-scale: (a) 0
- 46nm; (b) -22.1mV to 244mV; (c) -83.6mV to 21.9mV; (d) 0 - 42nm; (e)75.3mV to
562mV; (f) -203.8mV to 90mV; (g) 0 - 21nm;(h) 168mV to 574mV; (i) -120mV to
174.8mV.

Microcontact printing uCP seems to be an alternative method for forming patterns
on gold surfaces using polar aromatic thiols. In this section, we present friction mea-

surements performed on the patterned SAMs of MMTA. For this purpose, we used
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sharpened V-shaped silicon cantilever with nominal force constant of k = 0.57 N- m~!

at low relative humidity (5%), the adhesion force was -2nN.

Scratching or mechanical removing of material can be seen as a way of modifying
surfaces, and from this point of view nanostructured materials can be also built. We
have observed that the single molecular film or bilayer on flat Au(111) can be easily
removed by applying forces around 15nN, whereas the same molecular film with similar
heights requires more applied force (= 30nN) to be completely removed when rough

gold surfaces were employed.

Figure 4.26 shows SFM images for patterned SAMs on the gold surface (roughness
~ Inm) during a load movie for 3 hours. Each topographic (a, d, g) and lateral force
(Forward: b, e and h) and (backward: c, f, and i) images corresponds to a sequence of
the movie obtained by scanning the same area at different forces (OnN, 20nN and 34nN),
respectively. We observed morphological changes when the applied force is about 20nN,
as shown in topographic image in (d). For higher forces the molecular film deposited
on the surface was removed. The bare gold substrate was observed and the molecular
film removed at 34nN, as shown in (g). Despite the molecular film was removed, lateral

force images reveals that some molecules remain on the scratched surface after loading.

Figure 4.27 shows the scratched area after finishing the experiment. The applied
force was kept constant at OnN to avoid the possible damages or modifications of the
tip during the scans. Topographic (a), friction map (c¢) and numbered profiles taken
along the lines for both images are shown in (b, d). A molecular film of 2.2nm was

estimated from topographic profiles.

A closer look at the scratched area is shown in Figure 4.28. By avoiding in both
topography (a) and friction map (b) the higher signal at the scratch border, a friction
difference of about 6+3 mV is measured between the bare gold and homogeneous
molecular as shown in (a, b) and profiles in (c, d). In contrast to previous measurements,
the scratched area reveals less or similar friction than the molecular film. This fact
suggests that the film was not completely removed or that during the scans some

molecules are moved into the scratched area again.

Although the characterization of alkanethiol systems is outside the scope of this

work, we used some such as n-hexadecanethiol (C16) and n-octadecanethiol (C18)
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Figure 4.27. Topographic image shows the appearance (a) after loading experiment.
Profiles show a height of about 2nm between the molecular film and the background
of the scratched region. A friction map defined as #(lateral force Fw-lateral force Bw)
for the whole image is displayed in (c). Numbered profiles taken along the lines in (a,
c) are shown in (b, d).

as the ink molecules to be transferred into the gold surface by means of the uCP
technique. Once adsorbates have been placed on the surface at submonolayer coverage,

the remaining bare area can be backfilled with a new adsorbate.

For alkanethiols patterned gold substrates, PDMS stamps with chessboard and
square reliefs were employed. After inking with a 100uM ethanolic solution of C16
the stamp was allowed to dry for few minutes and was then contacted to the gold
surface. Afterwards, several SFM were acquired to verify the quality of the printing.
Lateral forces images were recorded to distinguish between adsorbates and bare gold
surface. Once done this, the patterned substrates were immersed in a 2uM ethanolic

solution of MMTA for 24 hours. Low concentration was chosen to avoid high coverages
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Figure 4.28. Topography (a) and friction map (b) were obtained by zooming in the
scratched area. Total z-scale (a)0-30nm; (b)-9mV to 86mV.

and 3D structures on the patterned surface.

Figure 4.29 shows topographic (a), friction map (b) and lateral force images (Fw&Bw)
(d, e), respectively, of the patterned gold surface. Simultaneous profiles taken along the
lines in (a, b) are shown in (c), whereas lateral force profiles taken along the lines
in (d, e) are displayed in (f). Topographic profiles revealed a difference in height of
5A between C16 and MMTA regions,

whereas the friction map showed higher friction for MMTA than C16 following the
hierarchy (COOH > CHs), in agreement to early reports [120, 121, 122]. Lateral force
images (d, e) show the patterned gold surface as well as material on the MMTA domain
being removed during the scanning. Note that the friction profile has smoothest borders
between MMTA and C16 than the corresponding topographic profile (see simultaneous
profiles in c). This fact is most likely due to different packing at the pattern border,
though an intermixing of MMTA and C16 in these regions cannot be excluded.

Structural studies at submonolayer coverages performed by Munuera [91], in parti-
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Figure 4.29. SFM images of alkane (C16) and aromatic (MMTA) thiols printed
obtained by transferring the alkanethiol from PDMS stamp to the bare gold substrate
and then by immersing in a 2uM MMTA ethanolic solution for 24 hours. Topography
(a), friction map (b) and lateral force images (Fw&Bw) are shown (d, e). Simultaneous
topographic and friction profiles taken along the lines in (a, b) are displayed in (c).
Simultaneous lateral profiles taken along the lines in (d, e) are shown in (f).

cular (C16), showed island’s height of 20.140.8A . A difference in topography of ~5A
between C16 and MMTA is in agreement with their difference in molecular length for
assigned tilt angles of 30° for both C16 and MMTA. The difference in height between

C16 and MMTA will correspond to experimental lengths as well as the theoretical (C16
> MMTA).

4.4 Conclusions

Islands of a single molecular thickness as well as bilayer have been observed to
coalesce into larger clusters of islands. However, samples prepared with THF solvent
at low immersion times and without annealing have shown few bilayer formations
and domains with lateral dimensions too small (below 50nm) that make difficult to
measure a friction value between chemical terminations and the substrate. In spite

of this difficulty, by performing scratching on the molecular surface it was possible
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to obtain the bare gold as a reference that allowed measuring a friction difference of
124+2mV between a (-COOH) terminal group and the gold surface by applying 0.5nN.
However, after annealing a friction difference of ~ 8mV between terminations (COOH

> SH) was observed.

3D nanostructures revealed also a friction difference around 15mV between layers

separated by 1.5nm, precisely the single molecular length of the MMTA.

Interestingly, small domains of ~ 20x20 nm? were observed in agreement with the

structure found in chapter 3 showing friction asymmetry.

For bilayers and double bilayers, i.e., with (-SH) thiol groups exposed, at the surface
a friction difference of 50+10mV with respect to the bare gold was found using ethanolic
solutions of MMTA | whereas bilayers obtained from toluene solutions of MMTA showed

a friction difference around 85mV for samples without annealing.

Samples prepared from toluene solutions of MMTA after one month of aging revea-
led a friction difference of 50£5mV between the (SH) and (COOH) terminal groups
(COOH>SH), a value almost 10 times larger than for other measurements on both ter-
minations, similar results were observed after 4 days of aging for the samples prepared

in acetic acid solutions of MMTA.

By mixing ethanol and acetic acid solvents it was possible to obtain low island
clusters with both thicknesses (single and bilayer) in 100uM solutions. In this case,
differences between (-SH) thiol group and Au or (-COOH) carboxylic acid and Au were
hardly differentiated at low forces.

Large areas with bilayer height were obtained coexisting with single layer islands
using acetic acid solvent plus a post-annealing, thus allowing differentiating the two
cases. By using the 3D modes or by varying the force for each image (load movie)
we found the following friction hierarchy Au > COOH > SH within the repulsive
range (from 2nN to 6nN). At low forces, friction values are similar for SH and COOH
terminations, but by applying a intermediate force (=4nN) the friction value for COOH
was always larger than for SH prior to the damage of the islands. Bilayer islands with
lateral dimensions of about 50nm showed a linear behavior respect to the applied force
within the range of force from 1nN to 6nN, whereas low islands with lateral dimensions

of 20nm revealed a stepwise behavior in the same range of force. Low islands with lateral
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dimensions below 20nm were crushed even at low forces. SFM topographic images
revealed that the the tall islands were reduced to 30% of its original height due to the
pressure exerced by the tip, within a range of force from 3nN to 7nN.

Unlike the case of single molecular lengths, where indentations measurements have
shown a stepwise behavior on the friction at low applied forces, for bilayers this beha-
vior was not clearly defined. From topographic profiles the bilayer length was around
3.0+0.1nm. A tilt angle respect to the normal surface of (184+2)° could be estimated,
but with a reduced height of 30%, the new tilt angle would be around 50°. This new
tilt angle can be facilited by the type of bond presents: the head group (SH) with the
gold surface (~ 189kJ - mol~!) and the hydrogen bond strenght (= 21k.J - mol~1).

Adhesion measurements at low relative humidity (=~ 5%), revealed differences of
80410 pN between both terminations, SH COOH, but increasing the relative humidity
at 35% or in air measurements this difference was increased up to 200+15pN revealing
that (-SH) thiol group had a more adhesive response.

Typical values of adhesion for (-SH) as well as (-COOH) were always less than
5nN in pull-off when silicon nitride or ultrasharp silicon tips were employed. However,
for conductive diamond tips or Cr/pt after electrical experiments the adhesion was
increased about 10 times. The adhesion force under a humid atmosphere is controlled
mainly by the capillary force which is produced by condensing water vapor in the
tip-sample gap, therefore it is dependent on the relative humidity. Interestingly, high
friction values on (-COOH) end group did not imply high adhesion values.

Forces around 30nN were necessary to remove the MMTA pattern with a single
molecular thickness on rough gold surfaces (=~ 1nm). However, the friction difference
between the scratched area and the molecular film was almost the same, in contrast
with other measurements where all lateral force images and friction maps showed always
high friction on the bare gold substrate. This fact is likely due to adsorbed molecules

or deposited by the tip again during scanning.
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CHAPTER 5

ELECTRICAL CHARACTERIZATION

Molecules with excellent conductive properties are described as those that contain
groups with their energy levels Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) separated by a reduced energy gap,
typically between 1 to 4 eV, such as organic semiconductors. Molecular systems based
on double, triple carbon bond or aromatic rings have been extensively studied; in
particular, conjugated molecules due to extended w-system or methylene groups in
the alkane spacer of conjugated molecules and the effect on the electrical conduction of

SAMs [123, 76, 124].

5.1 Introduction

For alkanethiols the transport mechanism is expected to be of tunneling nature
along the tilted molecular chain due to alignment between the Fermi level of the
metallic contact and the gap (HOMO-LUMO) in the low voltage range. For a wide range
of temperatures (300-80)K, measurements of transport across alakenthiol monolayers
were carried out by Wang and co-workers [125] to elucidate the type of electronic
conduction mechanism, concluding that the conduction mechanism through alkanethiol
is tunneling.

Conjugated molecules have shown a reduced energetic gap (3-5)eV comparatively
with those found in alkanethiols (/= 8eV), this reduced gap can provoke the activation of
other mechanism of transport such as hopping or thermally activated process. Hopping
and thermoionic transport mechanism have been reported for 4-thioacetylbiphenyl
[126] and 1,4-phenylene diisocyanide [127] SAMs for variable temperature conductance
measurements, in which these conjugated molecules were placed between top and

bottom metallic contacts. Conjugated oligonaphthalenefluoreneimine (ONI) wires were
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studied by using (C-AFM) by Choi et al.[128], they observed a transition from tunneling
to hopping in transport measurements, whereas Beebe J. et al. [129] reported a change
from direct tunneling to field emission across of w-conjugated thiols by analyzing IV
curves from electrical measurements at moderate bias voltages (< 1 V). Selzer et
al. [130] studied the importance of the presence or absence of neighboring molecules
in the conduction mechanism by means of two types of junctions based on isolated
individual molecules and SAMs of 1-nitro-2,5-di(phenylethynyl-4 "-mercapto) benzene.
They found a transition from coherent conduction at low temperatures (T<100K) to
thermally activated hopping mechanism for higher temperatures ( T> 100K) in isolated
individual molecule junctions. In contrast, IV(7T) measurements carried out in-wire
SAM junction revealed a temperature independent behavior of coherent tunneling.
Taking into account that a direct tunneling is a dominant conduction mechanism
for alkanethiol and m-conjugated systems, the Simmons model [131, 132, 133] is an
approximation that can be used to understand the behavior of a molecular junction

across of arbitrary tunnel barrier.

Hong et al. [134] have studied by means of STM in UHV conjugated molecules
containing from one to three phenyl rings and having both thiol (-SH) and isocyanide(-
NC) end groups. They reported a shift in Fermi level of the isocyanide molecules as
a function of phenyl rings number opposite to that observed for the thiol-terminated
molecules. The overall trend for the thiol molecules follows a conventional physical
chemical model. As the number of phenyl rings in the thiol molecules increases, the
density of bonding 7 and antibonding 7* levels also increases. This causes the HOMO
energy to increase while decreasing the LUMO energy. As a result, the HOMO-LUMO
gap decreases as the number of phenyl rings increases. Thus, as the number of phenyl

rings increases, the HOMO moves closer to E; and Ey — Ey decreases.

5.2 Background

The Conductive-AFM (C-AFM) is basically a conductive AFM tip connected to a
current pre-amplifier during conventional contac-mode AFM, employing the cantilever
deflection as the feedback signal to regulate the tip-sample distance. When a bias

voltage is applied between both tip and sample, the current signal is obtained allowing
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probing and mapping the surface. C-AFM and break-junction experiments are tools for
studying the conduction properties of organic monolayers as well as inorganic systems
[135, 136, 137, 138]. In most tip-SAMs-metal junctions of C-AFM, the self-assembled
monolayer simply acts as a tunneling barrier, albeit with a reduced barrier compared to
a vacuum gap of similar thickness. This is because the HOMO-LUMO molecular levels

assist electron transfer by non-resonant tunneling through the molecular layer.

The control of the electric properties of SAMs or molecular nanostructures is of
special relevance from the viewpoint of constructing future nanodevices. Kelvin Probe
Force Microscopy (KPFM) is a technique for such a purpose and is frequently employed
to investigate electric properties of surfaces and mapping surface potential distributions
on many materials such as organic molecular films on metal or semiconductor substrates

[139, 140, 141, 142, 143, 144, 145).

The conventional Kelvin method is a well-established technique for measuring the
contact potential differences (CPD) between a reference electrode and a surface. The
CPD for clean metal surfaces is given by the difference in the work functions of the
two materials by using the vibrating capacitor method. The Kelvin method is based
in detecting the zero point of current function () while the additional bias voltage
is supplied between the two plates until the electric field in between disappears, then
the contact potential difference Vopp = -Vys can be obtained. The KPFM principle
is similar to that of the Kelvin method, except that forces instead of currents are
measured. From equation 2.18 the CPD or Vg(x, y, z) can be determined by two

methods: the spectroscopic method and the second feedback loop technique.

Rusu et al. [143] studied the dipole formation at the surface formed by (-CHg)
and (-CF3) terminated short-chain alkylthiolate monolayers on Au(111) using density
functional theory calculations. Their experiments suggested that the direction of dipole
moment of alkylthiolate molecules lowers the work function as compared to the clean
Au(111) substrate, whereas SAMs of fluorinated alkylthiolates decrease it. Sushko et
al.[146] have studied the influence of electrostatic interactions due to the presence of
permanent dipole moments on the structure of the COOH-terminated SAMs. They sho-
wed some results of the dipole moments and the barriers for rotation of the tail-groups

for SH(CHz2),,—1X, where X=COOH and CHj3 by means of density functional (DFT).
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5.3 Electronic Transport and Surface Properties of MMTA Islands

The chain-length dependence of the dipole moment of COOH-terminated monolayers
revealed three regions with different dipole moments corresponding to (n = 2-4) and (n
> 14) chains within a dipole range of 0.6D to 5D. On the basis of an idealized model of
a monolayer, they estimated the increase in surface potential of TmV per carbon atom
in the aliphatic chain, which is in close agreement with the average value of 9mV per
carbon estimated from early Kelvin probe experiments [147].

Based on alkanethiols SAMs to be a dipole sheet in which the total dipole moment
arises from two internal dipoles stacked on top of each other, it is possible to model a
SAM as a first effective dipole formed by the metal-sulfur interaction, and the second
effective dipole determined by the monolayer itself. The potential drop caused by the
dipole can be estimated from the integral of the electric fields across the parallel sheets

and the change in work function obtained as,

o Hm—s
A V)=e- =—e' N >
Vacuum (V) = e ZML € |:€SAM€0 * €m—s€0 o

where e is the electronic charge, 11 is the dipole moment of the SAM (perpendicular
to the surface), pi,—s is the dipole moment of the metal-thiolate bond, € is the permit-
tivity of free space, egapy and €,,_s are the dielectric constants of the self-assembled
monolayer and the metal-thiolate bond, respectively, IV is the number of molecules per

area.

5.3 Electronic Transport and Surface Properties of
MMTA Islands

For electronic transport measurements across of the m-conjugated molecular system
MMTA, we modeled the current-voltage behavior of the molecular junction by using

Simmons model within regime of V' < LI)TB,

I eA T _i _2doz\/2me o _i
T Ah 2 BTy )X ) B~

(5.2)
2do/2me
_ (q,B N 6V> exp <_a ém Byt W)

2 2

being A the junction area, d the barrier width, m. the electron effective mass, ® g the

barrier height, e the electronic charge and « the adimensional parameter introduced by
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5.3 Electronic Transport and Surface Properties of MMTA Islands

Holmlin et al. [148] to provide a way of relating nonrectangular barrier to a functional
form for rectangular ones and by Wang et al. [125] as an adjustment to account for the
effective mass (m*) of the tunneling electrons through of a barrier. The equation 5.2
describes a trapezoidal barrier when the applied bias voltage V < (I)TB. At low voltage

range, the barrier is rectangular and the equation 5.2 can be approximated as,

I= (5.3)

ea A\2m. g 2day2m, P
ae Ve T

for this voltage regime the tunneling current is dependent on the barrier width d as

I x éexp(—ﬁd) allowing obtaining the bias-independent tunneling decay coefficient 5,

_ 2a+2m.Pp

B = . (5.4)

Though the Simmons model directly gives access to obtain both tunneling barrier height
and width, their prediction is for symmetrical IV behaviour. In order to study the
dependence of the conductance respect to the applied force, the molecular assembly
is confined between the AFM tip and the gold substrate. We have restricted the bias
voltage at £0.35V for the non-linear fitting analysis, although the asymmetric behavior
of the IV curves can be discussed in agreement to some modified models [149, 150].
Owing to their chemical tunability or mechanical flexibility, organic molecules have
been object of studying within promising field of organic electronic in the single mo-
lecular case as well as molecular assemblies. Several strategies have been employed to
this end, molecules in a metal break-junction [151, 152], STM as a two-layer tunnel
junction model [153] or by means of the so-called three-dimensional (3D) operation
mode in Scanning Force Microscopy [39, 40, 154]. In the present chapter, we will show
the behavior of the electronic transport and the surface potential of the MMTA islands

obtained at low and high immersion times without and with post-annealing.

5.3.1 Barrier height (), Decay Factor () and Resistance of
Contact (R): samples without thermal process

In agreement with the preparation protocols previously described, different samples
were prepared by immersing the Au(111) substrates in 100uM tetrahydrofuran (THF)

solution of MMTA for 30 minutes and 17 hours, whereas ethanolic solutions were more
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dilute to avoid high coverages of the surface. All measurements were carried out at RH

<5% conditions.

5.3.1.1 At Low Immersion Times: from THF solutions

To investigate the electrical response of the MMTA molecular film we carried
out controlled experiments by means of the so-called 3D operation modes. As it was
described in section 2.2.3.2, these modes allow measuring a given magnitude as a
function of two other magnitudes, F,,(X7, X2). The magnitudes of interest in our case
are the applied normal force (F} = F') and the electronic current (Fp = I) flowing
between the conductive tip and sample, being the independent parameters the applied
voltage (X1 = V') and vertical piezo displacement (X3 = 2).

Figure 5.1 shows the electrical transport measurements performed on selected low
islands of MMTA on Au(111) from Figure 3.8, obtained by immersion in a 100uM THF
solution for 30 minutes. Current (a) and normal force (b) are images simultaneously
recorded as a function of bias voltage (V) and tip-surface distance (z), whereas (c)
represents the force-distance curve showing a stepwise behavior within a range of forces
marked by dashed lines. A set of IV curves from horizontal profiles (a) were extracted
in (d, e). Some jumps on the force-distance curve at 2.5nN, 4.1nN and 6.9nN were
observed and used to classify three ranges of forces for our analysis. In agreement to
morphological and mechanical measurements described in chapter 3, a thin contaminant
layer can be adsorbed on the molecular surface after their process of preparation as
observed for several acquisitions at low applied forces. We classify the first range below
2.5nN where the force is not enough to establish a real contact with the molecular film;
the second one, by applying forces between 2.5nN and 4nN the real contact between
the tip and the molecule is performed. Lastly, forces from 4nN up to 7nN reveals a
possible new molecular tilt angle before penetrating the molecular film. The adhesion
force was around -8nN during the experiments under controlled conditions of relative
humidity (RH < 5%).

From equation 5.2 by adjusting the parameters ®5 and «, a nonlinear square fitting

has been performed to the data within 4 0.45V voltage range and the contact area' of

1Considering a contact between a spherical tip and an elastic half-space, Eqiamondtip=1140GPa and
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Figure 5.1. (a) Current I(V, z) and (b) normal force F,,(V, Z) images simultaneously
recorded on molecular film by applying the 3D modes; current vs applied voltage curves
(d, e) were acquired from horizontal profiles in the current image. Force vs piezo
displacement curve (c) taken along the vertical profile in (b) shows the force ranges
applied for IV curves (d, e).

order of 1071"m?; as well as the molecular lengths obtained from topographic images
and thicknesses from the Table 3.3 were taken into account. Once obtained the barrier
height ®p and the o parameter from fitting, the decay coefficient 5 can be estimated
by using equation 5.4. IV curves illustrate that using o = 1 a best fit at low voltage
is obtained, that is, limited regions of the I'V curve for V' < 0.5V . Considering that, if

the parameter a = 1, the approximation of an electron tunneling through a rectangular

Esan=9GPa the Young’s modulus of indenter tip and Polymers, respectively, Viiamondtip=0.07 and
vsam=0.3, the Poisson “s ratios of the tip and sample. Nominal tip radius from 20nm and 100nm were
used to estimate the contact area by means of the JKR model.
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5.3 Electronic Transport and Surface Properties of MMTA Islands

barrier applies; however for o # 1 the barrier shape is assumed nonrectangular with
an effective mass for the tunneling electrons through organic layer as m* = mea?. By
applying equation 5.3 and 5.4 at low bias voltage range, the resistance R of the junction
defined as the inverse slope of the linear region (£0.35V) and the 8 decay coefficient

of the IV experimental curves can be extracted, respectively.

Decay coefficients 8 reported for SAMs of thiols with redox center pyRu(NH?r/ 3+)5
on the surface of metal electrodes have been obtained by means of electrochemical
experiments [155] across of the electroactive monolayer and C-AFM [156] by contac-
ting Au-supported alkyl or benzyl thiol SAMs. The range of 8 values reported for
alkanes is from 0.6A~1 to 1.2A~1 [155, 157, 158], whereas $=0.32A~! to 0.662A~! for
oligophenylene and = 0.06A~! to 0.5A~! for oligo-(phenyleneethylenes) (OPEs) and
oligo(phenylenevinylene)(OPVs) [159, 2, 160] have been reported. The lower 5 values
for oligophenylenes can be explained by the total barrier height of the system con-
ductive tip-molecule-gold substrate comparatively whith whose found for akanethiols

[161, 162, 163, 164, 165).

Figures 5.2 and 5.3 show IV curves obtained within the applied force range (from
3nN to 4nN) and (from 4nN to 6.4nN) for the positions labeled as REF A and REF
B, respectively. Current-Voltage curves recorded at lower force (adhesion regime) have
shown a characteristic sigmoide shape attributed at electron tunneling across of the
organic layer. Keeping in mind that the MMTA has a methyl group between the thiol
group and the aromatic rings and a carboxylic polar group at the end, these systems
can be considered as a dielectric film. By performing individual fitting on each IV
curve, using a contact area of about (2.5+ 0.5)x107'"m?, the decay tunneling 3, the
barrier height ® 5, the a parameter and the contact resistance R are obtained (see Table
5.1). From fitting results, we observe that decay coefficient § remains almost constant
(0.9640.01) for the first force range (from 3nN to 4nN) and softly reduced (0.93+0.01)

in the second range of force (from 4nN to 6.4nN).

Tunneling coefficient  for tunneling through MMTA low islands trapped in the
tip-gold substrate junctions was almost similar for a range of forces from 2nN to 5.5nN.
Barrier heights of ~1.1eV calculated from IV curves were agreement with reported

in literature for m-conjugated systems and considerably smaller than the reported for
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Figure 5.2. Current-voltage (IV) curves on the molecular film for several force values

for the range from 3nN to 4.1nN. Immersion time for 30 minutes in 100M THEF solution
of MMTA.

Force ) Q Resistance
nN A1 J(x10Y) eV (x108Q)
3 0.96 1.62 1.01 0.95 5.01 £0.10
3.39 094 1.79 1.12 0.87 4.45 +0.40
3.86 0.95 1.37 0.86 1.0 4.2540.30
4.18  0.95 1.40 0.87 1.0 4.50 +0.10
448 0.94 1.36 0.85 1.0 2.40 +0.17
524 094 1.41 0.87 0.98 1.65+0.15
6.0 0.92 1.31 0.81 1.0 0.785+0.02
6.4 0.93 1.34 0.83 1.0 0.46 +0.03

Table 5.1. Decay coefficient, 3, barrier height ®, parameter o and resistance R are
obtained from experimental IV curves.

alkanethiols. The contact resistance calculated for labeled position as “REF A” was
less than 1 GS2, whereas in “REF B” position was an order of magnitude lower.

Figure 5.4 (a) shows the plot of the decay coefficient 5 of the MMTA molecular film
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Figure 5.3. Current-voltage (I-V) curves on the molecular film for several force values
ranging from 4.48 to 6.4nN. Immersion time for 30 minutes in 100uM THEF solution of

MMTA.
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Figure 5.4. $-decay coefficient and contact resistance dependence on the applied force
of the molecular film (a). Log-Log plot of the junction contact resistance versus the
applied force for “REF A” and “REF B” positions show two power law scaling regimes

(b).
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versus load from Table 5.1, log(R) vs log(load) plot with a linear fit for “REF A” and
“REF B” are displayed in (b). According to equations 4.3 and 4.6 from JKR model, the

—2/3 if there is not deformation

resistance should be proportional to load (Fezt + Faan)
or penetration of the molecular film. Two different power law regimes (i.e., R-load™) are
observed in log-log plot shown in (b). At low forces (from 3 to 4.1nN), for the “REF A”
position, n=-0.43 and for “REF B” position, ranging from 4.2 to 6.4nN, the exponent
n increases to -4.5. The power law exponent, n=-0.43, in the low load regime is close to
the expected factor n=-0.67 based on the Hertzian Contact model, which predicts that
the contact area scale as load?®”, and resistance being inversely proportional to the
contact area, could be expected to scale as load 7. For the force range above 4nN,
we hypothesize that increased pressure produced disorder of the molecular assembly
(i.e., penetration of the tip, tilting and compression) as shown indentation experiments
in previous chapter. Similar observations were early reported by Wold et al. [156] for IV

curves obtained with dodecanethiol SAMs as a function of applied load, over a range

of force up to 200nN.

5.3.1.2 Transition from Tunneling to Field Emission:
3D-structure crystallites

By employing the drop-casting method and using 2uM ethanolic solutions of MMTA
we obtained 3D crystallites with lateral sizes in the micrometer range and heights of
~20nm . To get insight on the transport properties of such 3D nanostructures we choose
a point on the surface of the molecular crystallite (Az &~ 16nm) as shown in Figure 5.5
to perform current versus voltage and applied force measurements. A set of I(V) curves
of the 3D-representation in (b) were extracted for a wide range of applied forces (from
-4.5nN to 40nN) within an applied voltage range of + 1.5V, as shown in (c).

At low force (i.e., negative values, the adhesion force regime), where the contact
between tip and film is established by attractive forces, the measured current intensity
at low bias voltage range (£ 0.5V) was an order of magnitude lower than those obtained
close to F~ OnN, on the other hand, in repulsive regime (from 0.3nN to 40nN) the
measured intensity current was higher by 3 orders of magnitude. These results are
shown in the log(I) versus voltage plot in (d) for V=%0.5V and Figure 5.6(a) for

V==1V and selected force values. As can be seen in the log|(I)| vs V plots, all curves
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Figure 5.5. Topographic image of a 3D crystallite recorded from the dynamic mode
(a). Three-dimensional representation of the I(V, z) image (b) taken on the single point
(marked by an arrow in topographic image). Selected IV curves as a function of the
applied load extracted from the I(V, z) are shown in (c). Log|(I)]-V plot for selected
forces is shown in (d).

present a certain asymmetry. Interestingly this asymmetry is dependent on the force
and applied voltage ranges.

Two observations can be drawn from Figure 5.5, (i) the asymmetric shape of the
1V curves for the applied forces within the voltage range + 0.5V showed more charge
injection for negative than positive bias voltages, (ii) for bias voltage close to +0.3 V,
the current intensity increases faster to force applied close to 9nN. The larger current
for negative voltages and low forces is typical of n-type junctions or an asymmetric
barrier in which conduction is dominated by electron transport. On the other hand,
as will be seen in the following for large forces a quite marked change in the slope of
this logarithmic plots is observed if increasing the applied voltage range. The change
in behavior seems to occur at about 9nN where a rather linear I'V is observed in the

positive branch of the curve (pink symbols in Figure 5.5(c)). From this force on, a
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steep I'V curve at positive voltage values indicates an increase of the electron transport

towards the tip (p-type junction).
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Figure 5.6. IV curves normalized (a) for low and high applied forces on the 3D
nanostructure. Positive branch of selected IV curves show the change of the slope (b,
¢, d). Insets of Log(I/V?) versus V! reveal the voltage value where the change occurs
and the transition from tunneling to field emission regimen.

The Figure 5.6 shows selected normalized? IV curves (a) in a larger applied voltage
range (£1V). We have independently plotted the positive branches of IV curves at 4nN
(b), 9nN (c) and 17nN (d) to show the exponential trend of the current within limits of
the Simmons theory at low voltages (£0.5V") and the change to field emission regime
of about 0.4V, at different loads. In order to that we employ the Fowler-Nordheim

representation (see equation 5.5) to more clearly observe the possible transition value

Y—Ymin

————min__ where
Ymae—Ymin

2The normalized plot was performed by using the algorithm from Origin Pro8 as:
Y is the y value of input curve.
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between both regimes. These plots are shown in the insets in (b, ¢, d). When the
applied bias voltage exceeds the barrier height, the barrier transitions from trapezoidal

to triangular, the current-voltage dependence can be described as,

ln( ! > o ddV2me®T 1 (5.5)

V2 3hq Vv

The change in mechanism to field emission for the 3D structures of MMTA can
be observed in the corresponding approximation Fowler-Nordheim plots by comparing
the low and high voltage regimes. At low voltages (zone 1), the logarithmic behavior
of the current with % and a rectangular barrier is expected, as predicted the equation
5.3. Above transition voltage (~0.4V), in zone 2, a decreasing linear behavior of the
current respect to % is observed as well as a change from trapezoidal to triangular
barrier, as predicted the equation 5.5. A close look in (b, zone 2), we observed different
behaviors. The first one, a plateau region associated likely to the presence of both
transport mechanisms (tunneling and field emission). Other authors have suggested
this conduction regime as a space charge limited conduction (SCLC) (see details in
[128]). The second region associated to field emission regime due to their negative slope
and lastly, a region close to 0.77V (1.3 V~1) with a light slope change likely due to the
activation of other transport mechanism. Similar observations can be deduced, insets
in (c, d), within the zone 2 for the field emission regime.

Figure 5.7 shows the regimes described using log-log plots of IV curves. Different
linear fits were performed revealing different slopes for each regime: at low voltage
(tunneling regime) a slope of 0.89+0.02 is common for IV curves (4nN, 9nN and
17nN). Close to the transition voltages, a second regime is observed with a slope of
1.4740.03 and detected hardly at 17nN, which is ascribed to a SCLC. At field emission
regime, we observed two slopes (3.2 and 2.8) and (3.6 and 1.8) for IV curves acquired
at 4nN and 9nN, respectively. Interestingly, only a high slope of 6.7 is obtained for the
1V curve at 17nN. At this point it is interesting to note that the investigated the 3D
crystallites (Az~ 16nm) of MMTA have shown similar behavior to that oligonaphtha-
lenefluoreneimine (ONI) wires with lengths up to 10 nm. Based on the slopes of 1.47 in
our 3D-nanostructure and of 1.9 in ONI wires, we suggest that a SCLC regime occurs

at voltages close to 0.4V prior to the field emission regime.
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Figure 5.7. Log-Log plot scale of IV curves at (a) 4nN, (b) 9nN and (c) 17nN. Linear

fits for each region along the curves with their slope value are shown to describe the
different transport regimes.

Transition between different transport mechanisms have been observed for con-
jugated molecular systems with reduced HUMO-LUMO gap. In this sense, we show
the transition regime from direct tunneling to field emission at moderate bias voltage
(=~ 0.4V) on the 3D-nanostructure formed at least by 5 bilayers. Interestingly, Beebe
et al. [129] showed transition voltages for transport mechanism from direct tunneling
to field emission of m-conjugated thiols monolayers by using C-AFM and Ultraviolet
Photoelectron Spectroscopy (UPS). Their results have shown the transition voltages
for phenyl-thiol (Ph-SH, 0.95 V), Naphtalene-thiol (Naph-SH, 0.76V), Antracene-thiol

(Ant-SH, 0.62V, -0.85V), Biphenyl-thiol (BP-SH, 0.82V) and Terphenyl-thiol(TP-SH,
0.67V, -0.82V).
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5.3 Electronic Transport and Surface Properties of MMTA Islands

5.3.2 Post-Annealing Treatment
In order to investigate the influence of post-annealing, samples prepared for 30
minutes and 17 hours were annealed at (110+10)°C for 17 hours using a furnace in air.

Au(111) substrates were immersed in 100uM THF and acetic acid solutions of MMTA.

5.3.2.1 Barrier height ®, decay coefficient 5 and Resi-
stance: low islands
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Figure 5.8. (a) Current I(V,z) and (c) normal force F, (v, z) downloading images
simultaneously recorded on the molecular film by using the 3D modes, current vs
applied voltage curves (b) were obtained from horizontal profiles in the current image.
Force vs piezo displacement curve (d) taken from the vertical profile in (c¢) shows the
corresponding applied force for the IV curve. Nominal constant force k = 0.2 N- m~!
conductive diamond tip; RH< 5%.

The electrical characterization was carried out to compare possible differences in
parameters, i.e., the decay coefficient 3, the barrier height ® of the system. From
simulations, we assumed a contact area of order of 1071"m?, according with Hertzian

and JKR models described before. Lateral dimensions of low islands (below 30nm) and
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of ~ 1.6nm in height are the main characteristics of these samples, as mentioned in
chapter 3.

From simultaneous F(V, z) (c¢) and I(V, z) (a) images recorded by using the 3D
modes, the loading effect on the junction properties of the film with post-annealing
can be studied. Figure 5.8 shows IV curves for every applied force in the voltage range
of + 1V. The force-distance curve revealed also the stepwise behaviour between 2nN
and 6nN, being this range of force similar to those already described as “REF A” and
“REF B”. Each experimental IV curve was fitted by means of the Simmons model at
low range voltage (£0.5V).

By performing individual fitting on each IV curve where the red line represents the
best non-linear fit of the current data using a contact area of (2.54 0.5)x10717m?, the
energy barrier (®), the decay coefficient (), the contact resistance (R) and the applied
force (F') were obtained of the MMTA molecular film obtained after immersing the
Au(111) substrates in a 100uM THF solution for 30 minutes and post-annealing, as
shown in Figure 5.9 and summarized in Table 5.2. Taking into account the tunneling
coefficient § calculated from samples untreated thermally, we observed that values of

B for samples thermally treated show a surprising force dependence.

Force d «  Resistance
nN A1 J(x10Y) eV (x10°0)
3.10 1.0 1.65 1.02 0.95 2.75 £0.75
3.25 0.98 1.63 1.01 0.95 2.76 £0.50
3.70 1.0 1.66 1.03 1.0 2.50 +0.01
4.10 0.97 1.45 0.90 1.0 0.66 £0.02
4.50 0.96 1.58 0.99 0.95 0.47 +0.02
4.60 0.86 1.49 0.93 0.90 0.49 4+0.01
5.50 0.94 1.51 1.04 0.90 0.20 +0.01
590 0.91 1.57 0.98 0.90 0.40 +0.01

Table 5.2. Experimental data extracted from IV curves of samples with post-anne-
aling.

The different values of [ for the low islands (untreated and treated thermally)

suggest that the transport efficiency of both junctions is different. A representative plot
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Figure 5.9. Current-voltage IV curves by using the 3D modes for MMTA molecular
film thermally treated. Red line represents a nonlinear fit to the experimental current
data.

of the decay coefficient 5 and the contact resistance (R) versus the applied force (F')
is showed in Figure 5.10. Over the range of 6nN of applied force, the decay coefficient
B decreases as the applied force increases; the barrier height is around 1.0+ 0.1 eV.
The resistance R of the junction can be determined as the inverse slope of the linear
region (£0.35V) of each IV curve; it is observed that decreases as the applied force is
increased. This fact is expected, because the contact area increases and the thickness of
the film is reduced making more efficiently the electronic transport. Unlike the previous
measurements without post-annealing, distinct power law regimes were not observed
over the range of force 6nN. From the linear fit to the data of log-log plot R versus
F (b), was obtained the power law exponent, n = -6.4. Due to that in the Hertzian
and JKR models the relation between the contact area and the applied force scales as
A o (F)%57 and the contact resistance is inversely proportional to the contact area,

R o< A7, the deviation between the power law exponents (n = -0.67 and n = -6.4)
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5.3 Electronic Transport and Surface Properties of MMTA Islands

suggests that not only the increasing of the contact area is responsible in the reduction
of the resistance, as described before (untreated thermally). Interestingly, for the same
range of forces, the resistance obtained in post-annealed samples was similar that those

without post-annealing, (see Figure 5.4).
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Figure 5.10. Decay coefficient and resistance of the junction as a function of applied
force. (b) log-log plot of the junction resistance vs. the applied force.

5.3.2.2 Current differences, Resistance and Surface Po-
tential: low and tall islands

Samples with both morphologies low and tall islands were obtained after immersing
Au(111) substrates in 100uM acetic acid solutions of MMTA plus annealing. A strategy
to define the reference level and measure the island heights has been carrying out current
maps on areas with both morphologies, low and tall islands. By observing the current
intensity given by the contact between the conductive tip and the bare gold substrate,
the higher current signal (brightness in current image) will correspond at lower value
in topographic profiles (dark in topographic image). We considered low applied forces
of 3+1nN during the different electrical measurements.

Figure 5.11 shows the topographic (a) and current maps (b) at a force of 4nN and
applied voltage of 2.5V. Each image corresponds to a sequence of a SFM movie for

MMTA obtained scanning the same region at several bias voltages (from 1.5V to 3V).
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Figure 5.11. SFM images showing the Au(111) surface after immersing in a 100uM
acetic acid solution of MMTA for 16 hours and post-annealing at 110°C for 17 hours.
Simultaneous topographic (a) and current map (b) recorded at low RH < 5% are shown.
Cross-sectional profiles taken along the lines in (a, b) between low and tall islands are
displayed in (c, d) revealing a current difference of 50+10pA. Total z-scale: (a) 0-9nm;
(b) 0-60nA. Adhesion Force: -6.5n1N; Applied Force: 4nN; Applied Voltage: 2.5V.

Applying bias voltages above 2V was possible to determine a current difference Al =

504+10pA between low and tall islands.

We compare some current-voltage (IV) curves performed on both morphologies in
the range of -1nN to 4nN showing current intensities very low for the bilayer case. By
observing the asymmetrical behavior of the I'V curves obtained for a single molecular
thickness as well as bilayers, this fact can suggest that the applied voltage will not lead
to an equal shift of Fermi levels on both the conductive diamond/CrPt tip and the gold
electrode due to the different contact between them. The molecular bilayer of MMTA

can seem like a symmetric system trapped between the tip-gold substrate junction.

Figure 5.12 shows comparatively IV curves performed on tall (a, b) and low islands

(c, d) at low forces. The high voltage range applied to obtain current signal on tall
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Figure 5.12. Current-Voltage (IV) curves on tall (a, b) and low (¢, d) MMTA islands
on Au(111) after immersing in a 100uM acetic acid solution of MMTA for 30 minutes
and post-annealing at 100°C for 16 hours. Applied Force: 1nN in (a, b); 3uN in (c, d).

islands produce damage on the molecular surface. In panel (a, b) shows two voltages
ranges where the intensity is increased almost in the limit prior to mechanical damage of
the surface, as possibly occurs around ~ +4V. Panel (¢, d) shows IV curves carried out
on low islands by applying similar voltages. Mechanical damage on the molecular film
occurred when high voltages were applied (> £3.8V) on the surface of the islands as well
as the adhesion force increased up to -85nN after several spectroscopic measurements.
Molecular junction studies have shown the voltage dropped across of the SAMs produces
fields of ~10°V-m~! in magnitude, but high fields are sufficient to lead to dielectric

breakdown of the molecular layer.

1V curves performed in contact mode on samples prepared for longer immersion
times and post-annealing are presented in Figure 5.13 for a wide range of applied
voltage. Forward curves (Fw) are recorded starting from negative voltages until to

arise the maximum positive value and the backward (Bw) curve from this value until
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Figure 5.13. Current-Voltage (IV) curves (a, b, ¢) on low MMTA islands on Au(111)
after immersing in a 100uM acetic acid solution of MMTA for 17 hours and post-anne-
aling at 100°C for 16 hours and log|I|-bias voltage plots are shown. Vertical lines are
showing the paths cross-over between forward and backward curves at bias voltages
42V and £3V. Applied Force: 3nN; Initial adhesion force of -20nN and -63nN at the
end of the experiment.

the start point negative value to close the loop curve. For both Fw and Bw, the current
curves do not follow the same way as well as their paths cross each over close to + 2V
or higher, as shown the log (I)-voltage(V) curves in (a, b, ¢). On the other hand, at low
range voltage (+ 0.5V) the current intensity order is below nA, as shown the log-scale
plots.

To compare the electronic transport response across the molecular layer, we per-
formed IV curves by means of the 3D modes on the low islands. Taking into account
the applied force range to establish a real contact between the tip and molecules, the
intensity of current measured even by applying 3.5nN was considerably low in the
applied voltage range £0.5V.

We performed systematic experiments using the 3D modes on a selected point of
the low islands. Series of IV curves with current intensities of order of 107'12A at +
0.5V in repulsive regime (F~1nN) were measured. Figure 5.14 shows some [V curves
recorded at different forces from adhesion regime until the conductive tip contacts the

gold substrate to 9.6nN (a) and log|I|-bias voltage plot of selected curves at low applied

154



5.3 Electronic Transport and Surface Properties of MMTA Islands

a} 4 B0010" . b)
" ' 1E-13
Edﬂnll:l E.
z =
T 000 —1{E-14
E s 68NN &
3 o 880N
22 4™ o 0dnM 1E-15
v 3.50M .
4 BOxig™ e T T . o SGnh|
-1.5 -1.0 05 00 05 10 15 £.5 0.0 0.5
Apphed Voltage (V) Applied Valtage (V)
L] -
o [*% T~
= B.0x10 7 ’: S
i | . & I =
= | | T i
T al
'Edﬂﬂﬂ'g
r
| L
-'-_

£ 3 0 3
Force [nM)

Figure 5.14. Current-Voltage (IV) curves (a) on low MMTA islands on Au(111) after
immersing in 100uM acetic acid solution of MMTA for 17 hours and post-annealing at
100°C for 16 hours with their respective Log|I| versus bias voltage plots (b). Plot (c)
shows the contact resistance in linear scale, whereas inset shows the Log (I) versus Log
(Force) fitting with n=-1.6.

voltage range. In the adhesion regime, instabilities on the current curve is observed,
which we associated to a poor contact between tip and sample, whereas at forces of
0.4nN and 3.5nN a stepwise behavior is observed on both branches of the curves.
This latter behavior, can be interpreted as a Coulomb staircase effect, by assuming
that the capacitance of the low island is small enough that adding electrons to it will
increase its potential, in this way, the low island potential is higher than the bias voltage
applied. This effect shows that tunneling is blocked for as long as the applied voltage
is not large enough to overcome the Coulomb blocked with n electron residing in the
electronic states of the island. As before, the contact resistance (R) decreases as the
force increases, as shown in (c). Following the Hertzian or JKR models with the relation

R o« F™ by performing log-log plot linear fit from /Vs in the force range from 1.5nN to
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4.5nN we obtained the power law exponent, n =-1.6.
IV curves performed on tall islands (bilayer) have shown a considerable voltage gap
by applying 4nN for a wide range of bias voltage as shown both IV curves and log-

current scale in Figure 5.15 (a, b, ¢). Although the curves show an apparent rectifying

behaviour (ﬁgg) #1 between the intensities of current obtained in the voltage range

+ 4V, the origin of this asymmetry is not yet clear.
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Figure 5.15. Current-Voltage (IV) curves (a, b, ¢) on tall MMTA islands on Au(111)
after immersing in 100uM acetic acid solution of MMTA for 17 hours and post-annealing
at 100°C for 16 hours. Bottom panels correspond to their respective log|I|-bias voltage
plots. Applied Force: 4nN; Adhesion force: -17nN.

As can be seen in Figures 5.13 and 5.15, the current intensities measured for bilayers
(of order of 107%A) are obtained for voltages close to (£4V) or higher. This is a
surprising result since the expected high current due to their strongly m-conjugated
system is lower than current intensities measured in low islands. The poor efficiency
in the tunneling pathway through a bilayer of the MMTA islands is due to likely the
hydrogen bonds at the single molecular/single molecular interface.

To explore the possible changes in surface work function or effect of surface dipoles,
we carried out measurements at low relative humidity for determining the surface
potential of the molecular film on the gold substrate. Samples with post-annealing

treatment were studied immediately at low RH< 5% conditions. Figure 5.16 revealed a
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surface potential difference ASP = SPgy-SPcoon = 50+5mV bewtween bilayer and
single molecular layer.

Mapping of the surface potential was performed in the so-called lift mode. Several
measurements were carried out simultaneously with the topography scan in the tapping
mode, using an electrically conducting tip. After each line of topography scan was
completed, the feedback loop controlling the vertical piezo was turned off, and the tip
was lifted from the surface and traced over the same topography at constant distance.
Oscillating amplitudes from 8nm to 12nm were employed during experiments.

The surface potential (SP) values were constants up to 10nm in z-lift mode, but
higher values did not allow measuring appropriately. Interestingly, we will expect the
vanishing the surface potential for tall islands due to their symmetrical shape and a
priori to the nullifying the total moment dipole, but the surface potential measured on

the tall islands was always higher than the low islands.
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Figure 5.16. SFM images of MMTA islands on Au(111) surface after immersing in
100uM acetic acid solution of MMTA for 16 hours and post-annealing at 110°C for 17
hours. Topographic (a, d) and surface potential (b, e) images at RH < 5%. Simultaneous
profiles taken on tall and low islands are presented in (c, f).

Figure 5.17 shows the morphologies for tall and low islands with the respective
surface potential image recorded in air (RH~35%). We estimated a surface potential

difference of 804+5mV between tall and low islands by means of several cross-sectional

157



5.3 Electronic Transport and Surface Properties of MMTA Islands

profiles and 75+10mV by performing a histogram on the whole surface potential image.
On tall islands the surface potential is higher than low islands and these values were also
constants for measuring in z-lift mode up to 10nm. Clearly, we observed a dependence
of the surface potential with the relative humidity for both carboxylic acid and thiol end
groups where the difference was increased at least 60%. When increasing RH from 5%
to 35% suggests that water molecules adsorbed on each termination produce a different

effect (i.e., screening.)
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Figure 5.17. SFM images of MMTA islands on Au(111) surface after immersing in a
100puM acetic acid solution of MMTA for 16 hours and post-annealing at 110°C for 17
hours. Topographic (a) and surface potential (b) images were recorded in air (RH~35%
). The corresponding profiles taken crossing both tall and low islands are presented in
(c), whereas the histogram of the whole surface potential image is showed in (d).

For SAMs of aromatic oligomers bearing a thiol end group (-SH), the molecular
dipole is oriented towards the surface. Due to this, a reduction in the surface potential
distribution between the bare substrate and the SAM-covered gold substrate is obser-
ved. The delocalization of the m-electron orbitals is higher than in alkanethiols, and thus
decrease in surface potential, proportional to the molecule length (phenyl, biphenyl or

triphenyl thiol molecules) [166]. To understand the surface potential difference measured
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between both tall (-SH end group) and low (-COOH end group) islands, the equation

5.6 can be used as a good approximation by assuming two different SAMs [141],

HSH B HCOOH
eoesH - Asg €oecoon - Acoon

AVsy_coon = (5.6)

1 is the molecular dipole moment normal to the substrate, A the area per molecule,

€ the dielectric constant, ¢y the permittivity of free space.

5.3.2.3 Low Islands and Multilayers from Ethanolic
Solutions: tunneling and field emission regimes

Samples prepared at low concentration in ethanolic solution of MMTA and immersi-
on times below 1 hour have shown a partial coverage on the surface allowing to observe
the coalescence of the low islands when the solution was heated. In Figure 5.18 we show

the molecular film after immersing the gold substrate in ethanolic solution.
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Figure 5.18. (a) Topographic, (b) current I(V, z) and (c¢) normal force Fy(V, z)
images are displayed. In (d) extracted IV curves and their log(I)-voltage plot are
shown. Au(111) substrate immersed in 2uM ethanolic solution of MMTA for 1 hour
and annealing the solution at 80°C.

The temperature was fixed at 80°C for 1 hour. Low islands form clusters and a

RMS roughness of 0.5nm was estimated for the area marked of the topographic image.
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By using the 3D modes over a particular point of the surface we obtained the current
across the molecular film for different loads. By comparison between the IV curves
recorded at low forces (i.e. in the adhesion force range) and forces in repulsive range we
observed differences of 2 orders of magnitude in the current range, this fact is shown

in log|I| versus applied voltage in the range £0.5V.

Figure 5.19 shows high coverage gold surface where several IV curves were per-
formed. Prior to the electrical experiments, a small area of the surface was scratched
to know the thickness of the molecular growth which which resulted to be 10nm (3
bilayers). As in the case of the 3D-nanostructure in Figure 5.5, IVs curves on the
marked region show an asymmetric behaviour and regimes with changes in the slope of

the IV curve at voltages below 1V. Multilayers of MMTA obtained on high coverage
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Figure 5.19. SFM images of Au(111) after immersing in 100uM ethanolic solution
of MMTA for 20 hours and post-annealing at 110°C for 24 hours. Topography (a) ,
normal force F(V, z) and current I (V, z) images recorded by means of the 3D modes.
Current versus applied voltage curves on the mark in (a) and log plot are shown (d, e).
Scratching on the surface was performed to know the thickness of the molecular layer.
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surfaces revealed that the current intensity within voltage range 4+ 0.5V was two orders
of magnitude higher than for the 3D-nanostructures. Both the 3D-nanostructures and
covered surface by multilayers showed clearly a transition voltage in which the transport
mechanism changes from direct tunneling to field emission. This change of regime is
particularly noticed in the repulsive force range, as shown log plot in (e) from 1.6nN

to 20nN. This occurs at moderate voltages below + 1V.

5.4 Electronic Transport on Patterned Gold Surfaces

Ethanolic and toluene thiols solutions were prepared following the protocols des-
cribed in chapter 2. A drop of the aromatic thiol solution (ink) was placed on the
structured side of the stamp using a dropper. After some seconds the solution was dried
under a stream of nitrogen, then the stamp was placed by hand on the gold substrate
(roughness =~ 1.5nm) and a softly pressed. In order to compare and discuss the response
of the surface potential of chemically modified surfaces, we patterned surfaces with
alkanethiols such as the mercapto hexadecanoic acid (MHDA) and hexadecanethiol
(C16) on the gold surface, as well as the biphenyl derivative (aromatic thiol BP4) on
Au(111).

5.4.1 Current Maps and Surface Potential: patterned surface

In a first stage, current maps were performed on the patterned surface. Figure 5.20
shows an example of the morphological changes during the scanning for positive tip
voltages. Each couple of images in the figure corresponds to selected sequences of the
respective complete topographic (a, d, g) and current (b, e, h) movies obtained at
constant voltage intervals of AVy;,=0.05V ranging from 0.3 to 1V.

Topographic and current profiles taken along the lines in each couple of images are
shown in (c, f, i). By correlating the current maps and the topography images, it is
possible to deduce that the gold surface correspond to the lower level in topographic
profile and the highest signal in current (brightness). After applying a voltage of 0.3V,
the process of morphological disruption of the molecular film increases (high roughness)
for applied voltages up to 1V, as shown in (d, g). At low voltages (below 0.1V) the
current intensity is less than 20nA on the bare gold arising the maximum value after

applying above 0.3V. This morphological change seems to have a voltage dependence,
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Figure 5.20. Topography (a, d, g) and current maps(b, e, h) by applying different bias
voltages (0.05V, 0.3mV and 1.0V), respectively. Applied Force: 2nN. Adhesion Force:
-30nN. Total z-scale: (a) 0-45nm; (d, g) 0-32nm

because the applied force was of 2nN during acquisition. Figure 5.21 shows regions
with high molecular transferring from PDMS stamps, heights up to 6nm were measured,
whereas a surface potential difference between two reference points marked with dashed
lines in (c) revealed a value of 140mV using the z-lift mode or retrace at 80nm. From
current images, the bare gold substrate provided a reference point to measure the
surface potential for several levels of the film. In this sense, it is possible to observe
that the surface potential difference increases with the thickness of the molecular layer.
This fact can be observed in Figure 5.21 (d, e) and profiles in (f).

Simultaneous profiles of surface potential and topographic images at zones with
double bilayer (average height of 6nm) revealed a ASP ~ 140mV as shown in Figure
5.22(a). By correlating the current maps, the topographic and the surface potential
images the reference of the gold substrate was pointed out with the black arrows (inset

in a), where a small difference in the surface potential on the background of ~ 15mV.
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Figure 5.21. Topography (a, d) and surface potential (b, e) images simultaneously
obtained showing different levels of MMTA on the gold surface. Surface potential
profiles taken on the same area in (a, b) are shown in (c¢) using the z-lift mode.
Simultaneous topographic and surface potential profiles taken along the lines in (d,
e) are displayed in (f). Total z scale: (a)0-241nm; (b)-191mV to 860mV; (d)0-172nm;
(e)-176mV to 478mV.

Due to the height difference is less than 0.7nm, we suggest the presence of molecules
in the lying-down phase in agreement with the expected value of the surface potential
for molecules with their dipole moment parallel to the metallic substrate.

Interestingly, the surface potential difference increased for bilayer and multilayers,
this fact can be compared as a donor-acceptor behavior with different dipole moments
between them. The bonding of sulfur and gold at atomic scale involves a sharing of
electrons with polarization Au;_SR, the sulfur atom obtains a negative charge from
the m-bond delocalization of the electrons. This electron delocalization into the phenyl
system result in net charge density at the ortho and para-positions. The presence of the
polar group (-COOH) likely contributes to a new charge distribution for the molecular
film with dipole moment jiginge < Hpilayers acting in opposite directions.

From non-contact regime (50nm apart from the surface) we performed IV cur-
ves using 3D modes over the patterned zones without multilayers and the excitation
frequency image was used to define the regions of interest, as shown in Figure 5.23.

Topographic (a) and excitation frequency (b) images were recorded previously to the
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Figure 5.22. Topographic (inset in a) and surface potential (b) images for double
bilayer of MMTA on the gold surface. Simultaneous topographic and surface potential
profiles taken from surface potential (inset) and topographic images on the double
bilayer and substrate (pointed out with arrows) are shown in (a). Surface potential
profile in (c) was taken along the multilayer and the gold surface.

3D experiments. Inset in (a) is the I(V, Z) image showing horizontal profiles to extract
several IV curves at different loads. Current-applied voltage are shown in (c), inset
shown the direct contact between the conductive tip and substrate achieved by applying
forces &~ 10nN. Spectroscopic experiments performed on the patterned surface and the
gold surface allow measuring the surface potential difference of about 55+5 mV between
both regions, as shown in (d).

By doing this, the normal force F(V, d) and current I(V, d) images are recorded
at a given position on the sample as a function of tip-sample voltage and tip-sample
distance. Since each horizontal line F(V, z) depends quadratically on tip-sample voltage,
the derivative of the total potential given by the molecular and electrostatic interac-
tions Uyt (V, 2) = Upaw (2) + Ugree(V, z) can be adjusted to a parabola of the form
A+B(x-C)2. The parameters A, B and C are describing the Van der Waals interaction
by assuming the plane-sphere interaction potential, the capacitance and the surface
potential, respectively, whereas the x is the applied voltage (see 2.19 (Fg.)).

Surface potential values of the MMTA molecular film using both methods the
spectroscopic and KPFM images showed similar values on the patterned region with

thicknesses of single molecular layers on gold surface (roughness 1nm).
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Figure 5.23. Topography (a), excitation frequency (b) images obtained from dynamic
modes. Inset in (a) shows I(V, z) image recorded at the marked zone, whereas (c) show
the IV curves as a function of applied load. Inset in (c) is the ohmic region of contact
with the gold surface. Experimental data in both Au surface and molecular film are
fitted to obtain the difference of surface potential (d).

5.4.2 Low Coverages: patterned surfaces

Patterned surfaces using 100uM toluene solution of MMTA were also prepared to get
stamped regions on the gold substrate following the same procedure that for ethanolic
solutions. PDMS stamps with a rounded pattern with diameter of 5um were employed.
Although we observed a poor molecular transferring, this fact, allows obtaining the
surface potential difference between bare gold and an incomplete molecular layer. Figure
5.24 shows the topographic image (a), the surface potential (b), the excitation frequency
on the patterned surface. Topographic and surface potential profiles taken along the
lines in (a, b) are displayed in (d). Excitation frequency image allows identifying both
regions the bare gold and patterned surface. From topographic, surface potential and
excitation frequency profiles taken simultaneously, a difference of 1.34+0.5nm in height

between bare gold and the molecular film was measured,as shown in (d). The surface

165



5.4 Electronic Transport on Patterned Gold Surfaces

potential difference was estimated around 55mV similar to previous values in ethanolic

solutions of MMTA.
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Figure 5.24. Topography (a), surface potential (b), excitation frequency images on
a patterned zone of gold surface (¢). Topographic and surface potential profiles taken
a long the lines in (a, b) are displayed in (d). 100uM toluene solution was employed.
Total z-scale: (a)0-310nm; (b)-467mV to 262mV and (c) 0-1kHz.

Patterned regions were obtained as previous measurements with other solvent,
unlike ethanolic solutions we did not observe regions with high density of transferred
material. Furthermore, the poor molecular transferring is observed in the current map,
because the higher density of defects presents on the molecular layer facilitates the
direct contact between tip and the gold surface. In contact mode we carried out the
current maps to verify the reference of bare gold and the patterned region showed in
Figure 5.25. Topographic (a) and current map (b) with their corresponding topographic
and current profiles taken along the lines in (a, b) are shown in (c). To this end, we
used diamond conductive tip by applying lowest load to avoid damage on the molecular

film. Following the code color for current images presented, the color brightness (dark)
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represents to higher(lower) current values. By performing current maps permitted us
to be sure that the value of the surface potential difference between the molecular layer
or small cluster of molecules and the bare gold must be around 5045 mV within the
experimental error. In this case, the round pattern is not covered with molecules (not

conducting black dots).

..
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Figure 5.25. Topography (a) and current map (b) images have been obtained by using
a conductive diamond tip k=2.8 N-m~! under a nitrogen environment applying 10nN
of force and bias voltage of 100mV. Total z-scale: (a) 0-30.4nm (b) 0-100nA.

As mentioned in chapters 3 and 4, the patterned surfaces obtained by pCP using
the ink MMTA or island formations induced by thermal process showed from a single
molecular thickness to multilayers of organic material. Using these strategies, it was
possible to obtain a mixed surface containing zones of thiol-terminated (bilayers) and
carboxylic-terminated molecular structures which allowed measuring of their surface
potential difference. In order to compare and estimate with other molecular systems,
we show in Figure 5.26 the topographic (a, d, g, j) and surface potential (b, e, h, k)
results of two types of thiols (alkane and aromatic thiols) patterned on gold. For the
uCP pattern in (a), higher square regions correspond to mercaptohexadecanoic acid
(MHDA) molecules as shown the topographic profile. Clearly the contact potential of
the substrate is modified with a difference of ~ 270+10 mV due to this molecular
film. For aromatic thiol (BP4), a surface potential difference of 210mV respect to the
gold surface is measured. By combining, aromatic and alkanethiols as shown in (g, h
, 1) we observed lower surface potential for MMTA than C16. Even in this case, the

quality of patterned topography is rather poor, due to the presence of a high density of
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defects such as depressions, low coverage, domain boundaries or poor packing, SAMs

of molecules with different end groups give work function changes.
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Figure 5.26. SFM images of alkanethiols and conjugated molecules printed pattern
obtained by direct transfer from PDMS stamp to bare gold surface. Topographic (a) and
surface potential (b) of mercapto hexadecanoic acid (MHDA) on gold surface. Topogra-
phic and surface potential for the CH3-CgHy-CgHy-(CHz),,-SH , n=4 (BP4) (d, e) are
shown. Topographic and surface potential of multicomponents C16 (hexadecanethiol)
and the aromatic thiol MMTA are displayed (g, h). Topographic and surface potential
for MMTA on Au substrate are displayed in (j, k). Panels (c, f, i, 1) show the surface
potential obtained between patterned regions.
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Well-ordered dipolar monolayers have been modeled as dielectric films using the
equation 5.1, where N is the areal density of modifiers® and plcig~ 1.6D [167] with
esam ~ 2.8, the work function shift of hexadecanethiol is around -0.75eV [143, 167].
Table 5.3 shows some values reported by Alloway et al. [168, 169] using w-functionalized
alkanethiols with the tail group varying electronegatively (i.e., -CH3, Ph, -Cl, -Br and
-CF3) and characterized by UPS to monitor changes in effective work function of the
gold surface. They suggested that the the vacuum level and the work function of a gold
surface can be modified by means of functionalized alkyl chains with electron-donating

or electron-withdrawing substituents.

Thiols Shift in effec. Effec. Work function ul
vacuum level(eV) (eV) Calc. dipole(D)
C12 -1.13 3.9 1.32
C12Ph -0.8 4.1 0.99/0.79
C12C1 -0.24 4.7 -0.34
C12Br -0.2 4.8 -0.42
SH(CHa)oC Hs 1.27 3.83 1.4
SH(CHa)15C H; -1.35 3.75 1.5
SH(CH,)12C F3 0.12 5.22 0.7
SH(CH,)15CF; 0.12 4.98 1.8
SH(CH, )6(C F)oCF; 0.46 5.56 15

Table 5.3. Changes in effective work function of clean Au(111) as a function of the
molecular dipole moment projected along the normal axis.

The main difference between CH3 and COOH-SAMSs is that molecules such as the
C16 carry a single dipole moment due to its head-group (S-C bond), whereas others such
as MHDA or MMTA molecules have dipole moments on both head and tail groups, in

addition of the polarization effects caused by the aromatic rings within itself monolayer.

3Considering the area per molecule in the (2v/3 x v/3)R30° structure (21.6A2) and (v/3 x v/3) R30°

structure (21.4A2), N values are typically ca. (3-5)x10'® molecules-m 2.
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Figure 5.27. Surface potential versus the dipole moment angle along the molecular
axis and the normal surface. Permittivity of the SAMs are taken from 2 to 3.0.

Taking into account the formula 5.1, we can estimate the surface potential (V) for the

layer of MMTA of a single molecular length.

V= ((I)Sample - (I)tip) + NE (57)
e

€€o

The first term represents the Contact Potential Difference (CPD) from theoretical
and experimental values of the clean substrate (5.25eV)[170, 171] and second one
the surface potential calculated for the absorbed molecular layer on the substrate.
The dipole moment along the isolated molecule was estimated as 2.8D, the dielectric
constant €=2.8 was used, N = 9x10'molecules-m~2 from coverages analysis (35%) of
low islands for high immersion and post-annealing times.

Figure 5.27 shows the expected surface potential for the single molecular thickness
of the MMTA aromatic thiol, with the previous values. Low signal in surface potential
corresponds to molecules in lying-down phase (90°), whereas at 30° a surface potential
of ~=35mV, for ¢=2.8 agrees with the expected value, from surface potential images

using Au(111) substrates. Surface potential acquired by spectroscopic and and KPFM
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using gold substrate (roughness Inm) was 1.5 times larger than for surface potential

values estimated using this approximation.

5.5 Discussion of Electrical Properties and Models

In this section we will discuss some results from the electrical characterization
of the MMTA islands on Au(111) and gold surfaces (roughness 1nm). Tall and low
islands were obtained after immersing Au(111) substrates in solutions of MMTA plus
annealing. Both morphologies were observed as shown the side view of the illustration
5.28. A conductive AFM-tip (positive polarization) scans both morphologies allowing
measuring a current difference of 50+£10pA between tall and low islands. For low
islands the electronic transport is more efficient than for tall islands. By performing
the 3D modes, the molecular assembly is tilted as the load increases. Several transport
pathways can exist across the molecular film by considering the different tunneling path
of the electron coming from the AFM-tip, pathways (1) and (2). A first tunneling path
is depicted from the tip into the gold electrode within low voltages (£0.5 V) across
of the molecular backbone, the second path can exist by tunneling between neighbor
molecules, for the “REF A” position. For “REF B” position, the molecular assembly
has been tilted and the tunneling occurs more efficiently across the aromatic rings and
the alkyl chain, between neighbor molecules by means of the strong intermolecular force

and m — 7 stacking.

In low islands with lateral dimensions below 20nm as well as 3D-nanostructure
crystallites, the electron transport occurs perpendicular to the grown layers. In such
structures quantum effects can occur at high bias (=~1V) and room temperature, such

as the Coulomb staircase behavior.

On the basis of Kelvin probe measurements and theoretical calculations, it is wi-
dely accepted that the chemisorbed SAMs form a dipole layer on metal substrates
modifying the work function of the metal (® 4,(111) = 5.25eV)[143]. We have used the
w-functionalized aromatic thiol where a single molecular thickness as well as bilayers
forms a dipole layer to tune the effective work function of gold. The first interfacial
S-Au dipole is as low as 0.02D being approximately 2 orders of magnitude lower than

the value of the dipole moment of the molecules [172]. Figure 5.29 shows an illustration
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Figure 5.28. Illustration of bilayer and single molecular thickness for MMTA islands
under a pressing of the AFM-tip. Two possible paths of transport are depicted en REF
A and REF B for the molecular film, a tunneling mechanism across of the molecular
backbone and interchain transport.

for alkanethiols and polar molecular films where the end group is represented by the
carboxylic group. The interface dipole formed on the substrate for both single molecular
thickness and bilayer reveals a difference of surface potential of about 50£10 mV.
Lying-down molecules with a dipole parallel to the gold substrate (roughness 1nm)
were obtained by microcontact printing which allowed measuring a difference of surface
potential of 15mV and standing-up molecules with a surface potential of 50£5mV from
KPFM images and 60+5mV from spectroscopic measurements. Interestingly, for the
molecular bilayer is twice the value obtained of single molecular thickness showing a
clear dependence with the thickness of the molecular film. Though the surface potential
for low islands respect to the bare gold were not clearly acquired during experiments
due to their reduced lateral dimensions, the surface potential estimated from equation

5.7 of 3bmV is a good approximation.

5.6 Conclusions

Samples prepared by immersing the Au(111) substrates in solutions of MMTA
at low immersion times without annealing have revealed that the decay coefficient
£5=0.94+0.01 remains constant at low forces in the voltage regime described by Simmons

theory. Contact resistance (R) of order of 10%Q) were calculated from IV curves at low
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Au suface Au sizface + Alanethicl Au surface = polar aromalic thisl

Figure 5.29. Schematic energy-levels diagrams of metal-organic interfaces. Electron
injection barrier (®.) and hole injection barrier (®5) for an untreated interface are
shown in (a). In (b) an alkanethiol impose an interface dipole that decrease (®.) and
increase (®j,), whereas a polar aromatic thiol impose an interface dipole that increased
®,. and decrease ®p. Ep is the Fermi energy of Au; E,q. is the local vacuum energy
level; IE represents the ionization energy and EA the electron affinity. Adapted from
Boer et. al. [167].

voltage range (+0.3V). Interestingly, the junction contact resistance analysis showed a
power law exponent n=-0.43 respect close to n=-0.67 expected for the Hertzian model
for the samples immersed for 30 minutes. For the reference “REF B”, the resistance and
force scale with a power law exponent n=-6.4 which indicate that other phenomena are
involved in the reduction of the resistance likely due to the structural changes produced

at high forces (= 6nN).

For samples thermally treated, values for the decay coefficient 5 calculated for low
islands showed a different behavior for the same force range. We assumed that the
transport efficiency reflected for the decay coefficient is related with close packing
and the efficient electronic coupling across strongly m-conjugated system. Linear fits
performed in log(R)-log(Force) plots revealed a different behavior as expected in Hertz
model and JKR for the law power n=-0.67. We assumed contact areas at minimum
applied forces, however, the contact area is increased as increases load. This fact,
suggests take into account the indenter geometry to estimate a contact area as a function

of load, in the repulsive regime.

IV curves showed some asymmetry likely due to the non-uniformity of the electric
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field between the tip-organic-Au substrate, and the nature of the contact between
electrodes. However, asymmetric intrinsic transport characteristics may also exist based
on the non-symmetric molecular arrangement across the film thickness. 3D crystallites
(15nm) obtained from drop-casting method as well as for high coverage multilayers
(thickness of 10nm) revealed an asymmetric behavior for ranges of forces from -4nN
to 30nN at low voltages. The larger current for negative voltages and low forces is
typical of n-type junctions or an asymmetric barrier in which conduction is dominated
by electron transport, as observed in log|(I)|-V plots. On the other hand, for large
forces a quite marked change in the slope of these logarithmic plots is observed if
increasing the applied voltage range. Forces at 9nN, a steep IV curve at positive
voltage values indicates an increase of the electron transport towards the tip (p-type
junction). Fowler-Nordheim representation was employed to observe the transition
voltage (~0.4V) from tunneling to field emission.

In spite of the reduced lateral dimension of the low islands, the surface potential
difference of 50£5mV between low and tall islands is measured in Au(111) substrate
at low relative humidity (=5%). At higher relative himidity (above 35%), the surface
potential difference was of 85+10mV between tall and low islands.

uCP technique was employed to pattern surfaces as well as gold (roughness 1nm) and
Au(111) substrates. Current maps performed on topographic areas with both morpholo-
gies low and tall islands showed a current difference of ~50+10pA after applying high
voltages (2.5V). Electronic transport experiments and electrostatic characterization
performed by using both types of substrates revealed its importance for the surface
potential results of the adsorbed molecular film. Thickness dependent surface potential
measurements were possible using these patterned surfaces. Though dipole cancellation
was expected for multilayer films made out of bilayers, the surface potential resulted to
increase with increasing film thickness. This result could be interpreted if cancellation
exist within the intermediate layers but interface charge transfer and upper surface
dipoles remain. The increased separation between this two contributions with thickness

would lead to a larger effective or net dipole.
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CHAPTER 6

COMPLEX OXIDES SURFACES

Low-dimensional structures of complex oxides with a wide range of functional pro-
perties, from ferroic to catalytic properties, hold the promise to lead to a new generation
of materials with unrivalled properties compared to their bulk counterparts. This
expectation is at the heart of the unprecedented development of oxide nanostructures.
However, nanostructure fabrication of complex oxides is not as well established as these
of metals or semiconductors, which is partly due to the complexity of lattices and the
numerous chemical elements. Moreover, the long-range order is even more challenging.

In this chapter, we will describe some results obtained and published in collaboration
with the Professor J. Fontcuberta Group, who prepared and growth thin films of oxides
such as LSMO and BTO on the STO(001) and LSAT substrates. In addition, we present
a possibility of using these chemically-patterned substrates for selective growth of others
materials, organics in particular, addressed here to demonstrate that they can act as

host platforms for nanostructuring organic-based monolayers.

6.1 Introduction

Most oxides are chemically inert to the common etchants, and thus the use of
conventional photolithography techniques is very limited. Photolithography by focused
ion beam can be used [173], but it is restricted to pattern only small areas [174]. For
larger area production, nanoimprint or electron beam lithographies can be used to
create patterns, on which an oxide nanostructure can be fabricated by low-temperature
deposition methods. Unfortunately, the use of vapor deposition techniques is restricted
because high temperatures are usually required [175, 176, 177].

As an alternative, ferroelectric nanostructures were straightforwardly grown through
heat-resistant stencil masks as nanoporous anodic aluminum oxide [178, 179] or SiN,

with deposition temperatures of 650 and 600°C, respectively [180]. In addition to these
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top-down approaches, self-organized growth of nanostructures is the alternative cost-
effective bottom-up approach to create nanostructures ordered over macroscopic areas.
Indeed, self-organized growth of nanostructures has been achieved with different types
of materials: organics [181], metals [182, 183], semiconductors [184] and oxides [185].
Bachelet et al. [186] reported a method to fabricate functional oxide nanostructures
ordered that exploits the presence of two chemical terminations, TiO2 and SRO, in the
widely used SrTiO3(001) surfaces. Taking advantage of the self-organization of chemical
terminations and of the termination-dependent nucleation of complex oxides, they have
shown a simple procedure to obtain 1D ordered functional nanostructures. The cubic
perovskite SrTiO3 viewed in the (001) directions is made up from a stack of alternating
neutral TiOg and SrO layers (spaced out half of one unit cell, i.e., (0.3905/2) nm). It is
known that both terminations are randomly present on as-received substrates, and that
SrO surface segregation can appear under annealing at high temperature and oxidizing

conditions.

Controlling self-assembly of the SrO and TiO2 chemical terminations, the single-
crystals exhibit well-defined local chemical reactivity. This approach has been very
recently expanded to other ABOj single-crystals, namely DyScO3 (DSO)[186, 12, 187].
Nanostructured SrTiOgz (STO) and DSO substrates have been used as templates for
instance to deposit SrRuOs (SRO) selectively on the BOstermination [188]. The lattice
parameters of STO, DSO, and SRO are similar favouring two-dimensional (2D) selective
growth resulting in the formation of nanostripes. The strategy is addressed to increase
the overall interfacial energy, ideally to promote three-dimensional (3D) selective growth
of nanodots rather than the reported nanostripes. Progress in this direction requires
the development of self-patterned substrates, as shown before for STO and DSO.
Lag.18Sr0.82Alp 50 Tag.4103 (LSAT), with cubic perovskite ABOs structure of smaller
lattice parameter than STO and DSO and larger lattice mismatch with SRO (around

1.5%), appears to be a convenient candidate.

6.2 Background

Due to the miniaturization of the relevant electronic devices, investigations on

electronic properties and structure of ABOj perovskite thin films are an object of
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intense interest. The cubic perovskite oxides have three low-index surfaces (001), (110),
and (111) and according to the classification given by Tasker (1979), only the (001)
surface of perovskite crystals corresponds to the stable surface, since it exhibits no
dipole moment perpendicular to the surface because of neutral cumulative charge in
each layer, AO and BQO,, parallel to the surface. Perovskite-type ferroelectrics are
generally denoted by ABOs, where A is a mono or divalent cation represented by an
alkali or rare-earth element, and B is correspondingly a penta or tetravalent cation
of the transition metal series. The classic examples are KNbOg and BaTiOs. The
perovskites containing trivalent cations, i.e. LaMnOj, are interesting due to the colos-
sal magnetoresistance effect which is associated with a ferromagnetic-to-paramagnetic
phase transition [189], and by presence of mixed ionic-electronic conductivity which

makes them very attractive for use as cathodes in solid oxide fuel cells.

The STO(001) perovskite surfaces are quite stable at room temperature. The STO
(100) surface structure and the electronic states of SrO and TiOs-terminated STO
haven been analyzed by means of Low Energy Electron Diffraction (LEED) by Bickel
et al. [190] and Hikita et al. [191] by means of Reflection High Energy Electron Dif-
fraction (RHEED), X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photo-
electron Spectroscopy (UPS). The surface relaxation and rumpling of TiOs-terminated
STO(001) surface have been explored by Ikeda et al. [192] by means of Medium Energy
Ion Scattering (MEIS) and Charlton et al. [193] published results of examination of STO
structure with both SrO and TiOs terminations by means of Surface X-ray Diffraction
(SXRD). Other experimental studies on STO(001) have been obtained by van der Heide
et al. [194] (XPS, LEED, Time-Of-Flight Scattering and Recoiling Spectrometry), and
by Maus-Friedrichs et al. [195] (UPS and Metastable Impact Electron Spectroscopy
(MIES)).

6.3 Morphological Studies on STO (001) Surfaces

STO has a ABOg3 perovskite structure, having either A (SrO) or B (TiO3) termina-
ting planes in the (001) direction (see Figure 6.1 (a)). As-received STO(001) substrates
are flat with both Sr and TiO5 chemical terminations random distributed on the surface.

Due to the substrate cutting and mechanical polishing process afterwards the atomic
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steps on the surface are not easily visible. However, under annealing an as-received
STO (001) substrate, large terraces can be present with the average width limited only

by the miscut angle, as shown the cartoon in (b).

Figure 6.1. Space-filling model of SrTiO3(001) showing (a) crystallographic directions,
unit cell with dimensions 3.905x3.095 A% oxygen O and cations (A: Sr, Ba and B: Ti).
(b) Sketch of SrO and TiOg terminated surfaces of STO(001).

6.3.1 Spatial Localization of Chemical Terminations STO(001)

The morphology of SrTiO3(001) surfaces can be observed in the amplitude modu-
lation atomic force microscopy (AM-AFM) images, as shown in Figure 6.2. Left panels
are topographic images, right panels are the corresponding phase-contrast images and
central panels are the height profiles measured along the indicated lines on the cor-
responding topographic images. In the topographic image of the as-received substrate
(a), distinguishable steps and terraces can be observed having very irregular step-edges.
The height profile shown in the central panel of (a) reveals the existence of one unit-cell
(u.c.) steps to which a fluctuating signal of amplitude larger than the level of noise is
superimposed. This likely reflects the coexistence of random distribution of TiO9 and
SrO terminations that coexist in untreated substrates.

The effect of high-temperature annealing on the surface nanostructure of as-received
substrates can be appreciated in (b), where the AFM images taken after thermal

treatment under air (2 hours, 1100°C) of the very same crystal are shown.
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Figure 6.2. AM-AFM topographic (left panels) and simultaneous phase-contrast (right
panels) images of (a) as-received and (b) (1100°C, 2 hours)-air-annealed SrTiO3(001)
substrates. Central panels show the corresponding topographic profiles. A sketch of the
deduced surface nanostructure has been placed correspondingly above the topographic
profile. Taken from [186].

Inspection of the topographic image reveals that high-temperature annealing leads
to a great smoothing of the virgin surface (a) with formation of smoother step-edges
and flatter terraces (rms = 0.18 nm). However, detailed examination shows some darker
(lower height) regions aligned along ascending step-edges. Indeed, the corresponding
height profile (central panel) shows the existence of low-lying trenches adjacent to step-
edges, up to ~40 nm wide and depressed by % u.c. below the neighboring descending
terrace, sketch in (b) (central panel). Because of the alternating composition of & w.c.
stacked layers in SrTiO3(001), the % u.c. height difference between exposed regions
points to a possible difference in their chemical termination. This fact is verified by
the corresponding phase lag image (right panel), which clearly shows a strong contrast
at the trenches. Provided the phase shift signal in the amplitude modulation AFM
operation mode changes with variation in the dissipated energy on different materials,

the contrast between surface regions reveals their different nature.
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Figure 6.3. Topographic and friction data for the incipient state of the bi-chemical
termination nanostructuring of a STO substrate thermally treated at ~1100°C for 30
minutes (a, b) and for 2 hours (c¢). The number labelling in (a) is used to describe
the dynamics of the vacancy islands until formation of SrO-terminated patches at the
edges of steps separating TiO; terraces. Line profile panels taken in (a) cross different
surface features (terraces, steps and vacancy islands), number 6 in the gray profile
serve as reference to locate one complete leaf shaped structure ~0.2 nm deep circled
in (a), which is hardly seen in the topographic image due to a total vertical scale of 3
nm. A topographic profile as indicated in (b) is shown with the corresponding friction
profile calculated as 1 [FL(f) — FL(b)] from the profiles in the lateral force forward
and backward images (not shown).

6.3.1.1 Nanostructuring the STO (001) Substrate

Figure 6.3 (a) shows an incipient state of the self-assembly of the chemical termi-
nations. The expected stepped surface, i.e. flat TiOy terraces separated by =0.4 nm
high steps (one u.c. in height) do present other remarkable surface features such as
meandering step-edges and some rounded holes in the flat terraces (a, b). As-received

STO substrates consist of terraces differing by 1 u.c. in height with disordered steps
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and present coexistence of the two terminations (SrO and TiOs), which differ by 1 u.c.
Therefore, the observed holes might originate from coalescence of much smaller ones
pre-existing in the as-received substrates surface, which would not be visible because of
the limited lateral resolution of SFM . However, their presence can be inferred from a
substantial surface roughness on the terraces of untreated samples. As can be seen, the
holes have different diameters (from tens of nm to a few hundred nm), are located in
the terraces at diverse distances from the descending step edges but, remarkably, are all
1.5 u.c. (=0.6 nm) deep. Since SrO termination is a minority part of the (001) surface
of untreated SrTiOgz crystals, [196] these 1.5 u.c. deep holes should be vacancy islands
with the appropriate depth to exhibit a SrO termination. This idea is further supported
by the friction force measurements (right friction map, b) which are in agreement with

previous assignment of the termination chemistry.

Holes of different sizes are the result of coalescence of smaller vacancy islands.
Dynamics of the vacancy islands diffusion can be better appreciated by comparing the
size and position of the holes. In (a, b) some holes have been labelled (from 1 to 6) at
progressively shorter distances from the step edges. Thus, several stages of the vacancy
islands diffusion to these locations can be seen as frozen frames of a time resolved
surface evolution. Once a specific vacancy island is close enough to the step edge, the
resulting neck is subsequently narrowed (3) until it is broken to minimize the island
perimeter plus step border (4, 5). At this stage, the total ledge relaxation gives rise to
leaf-shaped structures (6). In the topographic image (c), these structures have a % u.c.
and 1.5 u.c. depth with respect to the lower and upper terrace levels. All line profiles
are consistent with the dynamical picture outlined above in which initially 1.5 u.c. deep
holes formed at a given terrace, migrate to the descending step edges and are at the

origin of SrO terminated regions (% u.c. in depth) confined between terraces.

Resulting from this diffusion of holes which expose the SrO termination, one expects
that if the surface treatment is prolonged, these leaf structures will still evolve and
eventually give rise to the formation of SrO trenches, % u.c deep with respect the lower
terrace level. In fact, after longer annealing (2 hours) at the same temperature (1100
°C), step edges smoothen and the % u.c. low-lying regions coalesce to form well-defined

SrO-terminated regions running along the lower step edges in between TiOs-terminated
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terraces (c).

The mechanism of vacancy islands coalescence detailed above and observed in real
time for metallic surfaces,[197, 198] has also been proposed to describe the dynamics of
similar circular holes observed in low miss-cut STO substrates after chemical etching
and annealing at 950 °C aiming to get single TiO2 termination. However, in that case,
the observed holes were only 1 u.c. deep as expected from the single terminated TiO2
surface used in those experiments, i.e. the holes exhibited the same TiOs termination

as the surface terraces [199].

6.3.1.2 LSMO and BTO//LSMO on Treated STO(001)
Substrate

Replication has been observed by growing LSMO on (001)STO substrates with
self-ordered AO and BO; terminations (see Figure 6.4). Few monolayers of LSMO
were deposited subsequently by LBL as monitored by RHEED (a) on a (SrO/TiO3)-
patterned STO substrate prepared by thermal annealing at 1300°C for 4 hours in air.
The oscillations are proof of layer-by-layer growth of the ultrathin LSMO film on STO
(LSMO//STO). The resulting surface (b) shows terraces and ~(n + 1) u.c high steps
(c). Two kinds of terraces can be recognized: some (labeled A) have rounded edges,
and others (labeled B) have straight edges and 90°kinks (signaled by arrows). These
distinct ledge shapes are similar to those ascribed to SrO- and TiOs-terminated terraces,
respectively, of treated STO substrates. The height differences between terraces (c)
agree with their distinct chemical termination, indicating that growth of LSMO occurs
on STO, as on LSAT, by successive stacking of complete perovskite unit cell layers
whatever the starting interface is (AO or BOg). The resulting topmost surface of
LSMO is formed by regions of (Lay/35r;/3)- O= A’O and MnOz = B’O2 composition
grown on the corresponding self-ordered TiOs = BOy and SrO= AO terminations of
the STO substrate. Outstandingly, the patterned termination phenomenon fostered by
the LBL growth propagates not only through the first deposited film (LSMO) but
even throughout ulterior LBL growth of a second heteroepitaxial layer, here chosen
to be BaTiOs. Image (d) shows the RHEED intensity oscillations corresponding to
the growth of 4 ML of BTO on the chemically patterned surface of the LSMO film

described above. The resulting BT O surface (e) consists of terraces and steps preserving
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Figure 6.4. (a) RHEED specular oscillations during deposition of LSMO on a chemical
termination patterned STO substrate with SrO (AO) and TiO2 (BOgz) terminated
regions. The black arrows indicate start and stop times of deposition. (d) RHEED oscil-
lations during deposition of BTO on the LSMO//STO surface (BTO//LSMO//STO).
(b) and (e) are the topographic images of the LSMO//STO and BTO//LSMO//STO
surfaces, respectively. The wavy lined ledge and the different surface roughness can
be used to spatially locate A regions (e). The different composition of terraces is also
supported by the relief profiles in (c) and (f). The measured n + % u.c height of
descending steps corresponds to that expected for alternate planes of these perovskites
(i.e. AO and BOa3). The sketch in (g) illustrates the BTO//LSMO//STO structure with
patterned surface and interfaces. Taken from [200].

the morphological details (as highlighted by wavy and straight lines with right angles
to guide the eye) of the chemical patterns of the buried LSMO and STO surfaces.
This preservation allows spatially locating the two types of chemical terminations
(BaO= A”"’0 and TiO2 = B"’02) for the BTO surface layer. In full agreement, the
height profile in (f) confirms the presence of terraces and steps o % u.c height. This
result means that the SrO-TiOy surface termination pattern of the STO substrate

replicates throughout perovskite layers, that is, at the top surface of LSMO//STO and
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up to the BTO film surface of BTO//LSMO//STO by forming in all cases A"’O -
B” 702 modulated surfaces, as sketched in (g). In both (b and e), two kinds of terraces
presenting wavy or straight edges are marked as A or B to signal that they correspond
to chemical terminations AO and BOs of the respective perovskite ultrathin film top
layer. Some steps of a couple of the smoother B regions have been lined to illustrate

that they lie parallel to the crystallographic (100) directions.

6.3.2 Tribological Response of the STO(001) Surface
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Figure 6.5. Topographic and friction data simultaneously acquired on
1100°C-annealed SrTiO3(001) substrate are shown. (a) Topographic image; (b)
lateral force images and the corresponding profiles, forward (top) and backward
(down); (c) resulting friction force shown with the topographic profile. (d) Topographic
and lateral forces images with the simultaneous profiles (e) showing the friction value
increased on the SrO termination. The trenches (brighter regions in the forward scan)
correspond to the higher-friction SrO regions. Adapted from [186].

To further verify the different chemical nature of flat terraces and trenches, we
performed friction force microscopy maps (FFM). To quantify the difference between
friction responses, we acquired simultaneous topographic and lateral force (forward
and backward) images in low-humidity conditions (2% RH in a Nj flux). In Figure 6.5

(a), the incipient formation of trenches along step-edges is well visible, with smooth

184



6.3 Morphological Studies on STO (001) Surfaces

step-edges and flat terraces separated by 1/2 u.c. deep low-lying regions. The lateral
force (Fr) images shown in (b) evidence a clear friction contrast between the flat
terraces and the trenches, confirming differences in chemical-termination, in agreement
with the AM-AFM phase-contrast images. The calculated resulting friction force is
displayed with the corresponding height profile in (c). The friction is quantified to be
about 15% higher at the trenches (brighter regions in the forward images) than at
the terraces. This percentage reached values close to (35-40)% under higher humidity
conditions, as shown (d, e), likely due to an enhanced water adsorption [201] on the

more hydrophilic SrO termination.

6.3.3 Spatial Localization of Chemical Terminations LSAT

Treated LSAT(001) single-crystals can be used as nano-templates for the fabrication
of functional 1D-arrays by exploiting the different properties of the AO and BOs stripes
to selectively grow an active material on top. Here, we push further the capabilities
of the self-organized AO-BOs terminated surfaces as templates by tuning the growth
mechanisms to induce distinct oxide nanostructure both by lateral confinement and
by enhanced epitaxial strain. The growth of an oxide film (A "B’O3) on a substrate
(ABO3) with separated (AO/BOz2) chemical terminations will depend critically on the
B’02/A0 and A’0O/BOs interfacial energies () as well as on the difference between
them. If v(A"O/BO3) and v(B"0O2/AO) differ appreciably, selective adsorption and
growth on one termination will be favored; the lower value of v determining if the
growth mechanism occurring in the confined region is 2D or 3D to form atomically flat
stripes or dots, respectively.

Figure 6.6 shows topography (left panel) and phase images (right panel) of a LSAT
single-crystal (~0.13°-miscut) after 2 hours of thermal treatment at different tempera-
tures (1100°C, 1200°C and 1300°C). Step-and-terrace morphology can be distinguished
at the surface after the treatment at 1100°C (a); this surface morphology is similar to
that obtained with similar thermal treatments reported elsewhere. One can appreciate
the existence of highly kinked steps, 2D islands, and vacancy islands. Although accurate
measurements of step heights are difficult in these surfaces, with height variations within
each terrace of +1A (see the topographic profile), the step height between adjoining

terraces is ~4A | similar to previous observations. The phase-shift image does not show
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Figure 6.6. AFM topographic images (left panel) and the corresponding phase-shift
images (right panel) after 2 hours treatments of a LSAT single-crystal at (a) 1100°C,
(b) 1200°C, and (c) 1300°C. The same wafer was cut in three pieces and each piece
suffered one of the single-treatments. The insets (center panel) are closer views (1x1
pm?) of the topography with the corresponding height profiles. The additional inset in

(c) is a RHEED pattern taken along the [100] direction of the 1300°C-treated substrate.
Taken from [202].
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appreciable contrast, suggesting that each terrace is formed by mixed AO and BOs
chemical terminations, randomly distributed in small areas and thus not resolved within
the standard lateral resolution of AFM. Interestingly, thermal treatment at a higher
temperature (1200°C) leads to a clear contrast in the phase-shift image (b), right panel,
revealing chemical separation by self-assembly of each termination, AO, and BOs.
This chemical separation is accompanied by an increase in the local terrace width,
which makes clearer the step-and-terrace morphology (b), left panel. At this tempe-
rature, an enhanced surface diffusion permits reducing the total step length: the edge
meandering presents a longer wave-length and the 2D-vacancy islands areal density
is lower by coalescence and healing at the step edges. After treatment at even higher
temperature (1300°C), the surface reorganization leads to a neat step-and-terrace mor-
phology with smooth edges, without islands, and with % u.c steps separating regions
that present sharp contrast in the phase-shift image (c). These observations indicate
a good lateral ordering of the chemical terminations with a terrace-width period. The
topography and the different chemical nature of the distinct terraces of treated LSAT
crystals were further verified by FFM with simultaneous acquisition of topographic and

lateral force images.

6.3.3.1 SRO on Treated LSAT Substrate

Figure 6.7 shows SFM images of SRO deposited on a treated =0.12°-miscut LSAT
substrate exhibiting a good stripe-like chemical ordering (a). Images (b, c¢) show that
effectively 3D-growth occurred and SRO dots nucleated exclusively on one of the
terminations (simple topographic inspection does not permit determining on which
one). Selective growth of SRO had been observed on the BO2 termination of STO
[186, 187] and DSO [188], but in both cases, confined growth occurred 2D resulting
in quasi-1D nanostructures. In the case reported here, the 3D growth of SRO signals
higher interfacial energies of SRO/ LSAT(001) (might be favored by the higher lattice
mismatch: -1.5%, compared to -0.6% with STO and ~0.03% with DSO).

The ordered 1D-arrays of SRO dots formed because the selective 3D-growth was
guided by the self-ordered chemical- terminations. Remarkably, the intra-line profile of
the self-correlation function indicates also certain order of the dots along the stripe,

as attests the broad but evident maxima. The corresponding dot-dot mean distance
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Figure 6.7. (a) AFM phase shift image of a LSAT single crystal treated at 1300°C
for 2 hours. AFM topographic images (b) and (c) after growth of SRO. The inset
in (c) is the self correlation of the topographic image with the corresponding profiles
taken across (inter line correlation) and along (intra line correlation) the substrate
steps direction. (d) and (e) Histograms of lateral sizes of the dots shown in (b), in the
direction perpendicular and parallel to the steps, respectively. (f) Height profile along
the line marked in (b). (g) RHEED pattern after SRO growth taken along the [100]
direction. Taken from [202].

along the stripes is ~180 nm. The maximum lateral size of the dots is dictated by
lateral confinement, and thus, the array distribution mimics the chemical order of the
underlying treated LSAT (see inset in (c)). The lateral sizes are close to 654+15 nm
perpendicularly to the steps and 71+12 nm along the steps (d) and (e), respectively.
The mean height is 3+1 nm (f). The resolution of the present experiments cannot
exclude the possible existence of an extremely thin (1-2 uc thick) SRO wetting layer.
Remarkably, the SRO dots are epitaxial with LSAT, as shown by the diffraction spots
in the RHEED pattern taken along the in-plane [100] direction (g).
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6.3.3.2 LSMO on Treated LSAT Substrate

Figure 6.8 shows the topographic image of a (001)LSAT single crystal after a thermal
treatment at 1300°C for 2 hours. The surface consists of a step-and-terrace morphology
with height differences of % u.c between alternating atomically flat terraces (see height
profile in (c)). This surface corresponds to a nanoscale self-patterning of AO and BO,
terminations; according to Ohnishi et al.,[203] the majority surface termination is of
BO; type. Lateral force imaging (b) shows a strong contrast between adjacent terraces,
confirming their different chemical nature: AO and BOs. The reflection high energy
electron diffraction (RHEED) pattern of this surface is typical of an atomically flat
single-crystal surface (inset in (a)). As inferred from these data, the thermally treated
LSAT surface is sketched in (d) as a bimodal landscape.

The described surface constitutes the substrate where few ML of LSMO were
grown by RHEED-assisted pulsed-laser deposition (PLD) expecting a layer-by-layer
(LBL) growth. The features in the RHEED specular spot intensity (e) before the first
maximum reflects differences on the first stages of growth on each substrate termination,
whereas the regularity of subsequent oscillations and the postgrowth RHEED pattern
(inset in (f)) are signatures of a LBL growth, in agreement with the presence of steps and
terraces at the film surface (f). The step-height differences (h) are ~(n + 1) u.c (here, n
= 0 or 1), indicating that an extra layer has developed on one of every two terraces; this
is in accordance with an initially preferential growth on one surface termination before
a steady LBL growth mode sets in. This description also agrees with the phase-shift
contrast between neighboring terraces observed in amplitude modulated AFM (AM-
AFM) (g) that confirms their distinct chemical termination, namely (Lay/3Sr;/3)O and
MnOg, as illustrated in the sketch (i). The described topographic and chemical features
(checked on other LSMO//LSAT samples) indicate that the terminations of the LSMO
(A”0O and B”O2) replicate the spatial distribution of the LSAT terminations underneath
(AO and BOs, respectively).

6.4 Functional Properties of Thin Films Oxides on LSAT
and STO

Once obtained the morphologies of the treated LSAT and STO substrates, we
performed KPFM and C-AFM measurements on the terminations AO and BOs as

189



6.4 Functional Properties of Thin Films Oxides on LSAT and STO

Figure 6.8. Topography of the treated LSAT substrate obtained in contact mode
(a), and RHEED pattern (inset), lateral force image (b) and topographic profile (c)
along the line in (a). The RHEED specular spot intensity oscillations typical of a
layer-by-layer (LBL) growth mode in (e) correspond to the deposition of 4-5 ML of
LSMO on the substrate shown in (a). Topography of the deposited LSMO film obtained
in dynamic mode (f) with RHEED pattern of the film in the inset, phase-shift image
(g) and topographic profile (h) along the line in (f). The schematics at the bottom
panels illustrate the two chemical terminations (AO, BO2 and A“O, B“O32) for each

surface: (d) LSAT substrate and (i) LSMO//LSAT film. Note the n 4+  u.c (n = 0 and
1) differences in height between adjacent descending terraces in each case. Taken from
[200].

well as thin films oxides grown on these substrates.

6.4.1 LSAT substrates

The well differentiated AO and BO; regions of LSAT in the topographic image (see
Figure 6.9) (a) give rise to a noisy but modulated contrast in SP (b), more clearly seen
in the corresponding line profile (c¢), which permits saying that on average SP(AO)-
SP(BO2)~65mV. Visual inspection of the topographic image of the LSMO//LSAT
surface (d) allows identifying higher stripes along the step edges. The well-defined
modulated contrast in (e) indicates that SP(A"O) - SP(B’O2)~35mV (f). In Figure
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Figure 6.9. Top panels: topographic image (a) and corresponding KPFM or contact
potential difference, SP, map (b) of the treated LSAT substrate exhibiting AO (A)
and BOy (B) terminated terraces. An SP profile along the line in (b) crossing AO
and BOq terraces is presented in (c). The AO-terminated region delimited by hand
drawn lines in the images is marked also in (c¢). Bottom panels: topographic image (d)
and corresponding SP map (e) of the LSMO ultrathin film on LSAT (LSMO//LSAT)
showing a clear modulation replica of the substrate characteristics. As before, one
AO-terminated region is marked in the images and SP profile (f). Averaged hill to
valley values are ~65mV (c) and ~35mV (f). Taken from [200].

(a-e), one AO(A“O) region has been delimited by fine hand-drawn lines and marked at
the SP profiles to help visualizing the data.

Once the correspondence between terminations and their surface potential diffe-
rences is established, the local conducting character of the thin LSMO film surface was
investigated at the very same surface locations (see Figure 6.10), as confirmed with
the help of the dashed rectangles in (a) and (c) and some fine details (signaled by
arrows in all images). The current image (d) is a two levels map that reproduces the
SP pattern (b), such that those regions with higher(lower) conductance correspond to
regions of higher(lower) SP. We note that while the chemical differences may be at the
origin of the different SP values, the fact of measuring nonhomogeneous conductivity is
a striking observation provided the lateral continuity and conducting character of the
LSMO film, which homogeneously covers the insulating substrate. Similar behavior has

been found for a range of LSMO thicknesses between 2 and 10 ML.
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Figure 6.10. Topography (a, c¢) and the corresponding SP (b) and CSFM (taken at
-800mV) (d) maps of the LSMO//LSAT surface. Total color range equals absolute
values of 70mV (b) and 300pA (d). The dash lined areas and arrows illustrate that the
same surface location was recorded in both cases. As shown in the (b) and (d) regions,
A’O (A) terminated exhibit a higher (lower) surface potential (work function) than
regions B’O2 (B) terminated, where lower current values are detected. Taken from
[200].

6.4.2 STO(001) Substrates

Comparison of the topographic image of the bare STO (see Figure 6.11 (a)) with the
corresponding SP map and profile (b, ¢) shows that the SrO regions (bright areas) have
higher SP than the surrounding TiOg regions; this result implies SP(AO)>SP(BO3),
as observed for LSAT. Statistical estimation including data from different samples [12]
gives a difference of SP(SrO) - SP(TiO2)~45 mV (c). In the topographic image of the
LSMO//STO (d), approximately equally spaced and nearly parallel distinct terraces
separated by = % u.c steps are visible (see profile in (g)), reflecting the existence of A"O
and B0y stripes. The developed quasi-periodic pattern is also clearly visible in the

CSFM and the SP maps (e, h), respectively. Line scans across each image (f, i) have
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been connected with vertical arrows to indicate the spatial correspondence. Maxima
(minima) values in surface potential are accompanied by maxima (minima) values in
conductance. The surface potential difference is SP(A’O) - SP(B"O2)~30mV about
the same that for LSMO//LSAT.

Vafumy 2

Figure 6.11. Top panels: topographic image (a) and the corresponding SP map (b)
of the treated STO substrate exhibiting AO and BOs terminated terraces, appearing
as bright and dark in (b), respectively. A SP profile crossing the different terminations
is presented in (c). Bottom panels: topography, current, and SP images (d, e, and h,
respectively) and the corresponding line profiles (g, f, and i, respectively). The % u.c high
steps separating AO and BOs terraces evidence that they correspond to alternate planes
of the perovskite LSMO film. Line scans across SP and CSFM images are connected
with vertical arrows to indicate the spatial correspondence between them. Taken from
[200].

The 4ML thick BTO film grown on LSMO grown on STO (BTO/LSMO//STO) was
characterized (see Figure 6.12). The topographic relief images of two locations (a, €)
and their corresponding SP and CSFM maps (b, f), respectively are shown. As already
described, the % u.c steps at the BT'O surface (c) indicate the existence of the BaO and
TiO2 terminations. The contrast in the corresponding SP map (b) is about 25mV (d)
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with SP(B”"0O2) > SP(A " "0), slightly smaller in magnitude and opposite in sign to that
obtained for the LSMO//STO underneath. Consistent with all data described above,
in the conductance map (f) the B”“O4 regions have higher conductance. The measured
current is extremely low (tens of pA for positive voltages of some volts) due to the fact
that the BTO film adds an extra thin insulating barrier to the tip-LSMO junction. It
is worth highlighting that higher current is measured on the B”“Os regions of BTO
that are stacked with the less conducting regions B “Os of the free LSMO surface. This
indicates that conduction at the surface is determined by the local electrostatic barrier
height at the oxide surface but depends on the interfacial BTO/LSMO properties. As
a final remark, we note that in all cases, regions of high(low) SP are always regions
of high(low) conductance, no matter to which termination they correspond, indicating

the direct relation between these magnitudes.

First, we focus on the KPFM contrast (ASP) observed at the bare SrTiOg surface.
The TiOg5 and SrO terminations of STO are nonpolar, and therefore, the observed SP
corrugation is expected to be due to intrinsic properties of the oxide. In particular, each
termination are characterized by distinct electronic and/or ionic relaxation patterns,
which will produce (via changes in the surface dipole) a lateral modulation of the local
IP. First-principles calculations indeed show a marked termination-dependent difference
in the IP: IP(TiO2) = 6.41 eV and IP(SrO) = 4.07 ¢V. However, the experimental
observation of ASP~45mV is by far lower than the calculated AIP=2.34eV.

To account for this discrepancy, one can think of different possible scenarios, which
we can group into two main categories: (i) the surface terminations themselves physi-
cally differ from the calculated models; (ii) the measuring technique is inadequate to
quantify the ionization potential differences in these nanostructured surfaces. Within
(i), we note that even though all measurements are performed at low RH conditions, the
sample is brought through air from the preparation chamber to the SFM equipment
and, therefore, it cannot be excluded that its surface is covered with adsorbates, in
particular with HoO. The adsorption of one full single monolayer of HoO could reduce
the predicted AIP down to 1.44 eV [204], still far from the experimentally measured
ASP. It is likely that other species, such as ionized adsorbates, might produce more

drastic effects. Additional factors altering the local IP include surface reconstructions
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Figure 6.12. Topographic images (a, e) with their corresponding simultaneously
measured surface potential (b) and current (f) maps for two locations of the same
surface of the ultrathin BTO//LSMO//STO surface. Line profiles obtained along
the lines marked in (a) and (b) are depicted in panels (c¢) and (d) to illustrate the
correspondence between surface termination (A”"O or B”“Og) with a lower or higher
surface potential value. The same correspondence made for the CSFM data (taken at
4.5V) indicates that the current measured on A “ O is rather small but still larger than
that in the B terminated regions. Total color scales correspond to absolute values of
25mV (b) and 55pA (f).

and/or defects such as oxygen vacancies. Concerning possibility (ii), we note that the
regions of AO and BOg are about 50-100 nm wide, at the limit of our KPFM lateral
resolution. Therefore, a reduced ASP might result from the otherwise unavoidable

averaging produced by the tip-cantilever ensemble.

6.4.3 Discussion
In the sketches (not scaled) of Figure 6.13, we summarize the SP (a, b), conductance

profiles (c), and current-voltage characteristics (d) of the systems studied, (left: LSAT
and LSMO on LSAT; center: STO and LSMO on STO; right: STO and BTO/LSMO
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Figure 6.13. [Illustrating the results of SP (a, b), conductance profiles (c) and
current-voltage (IV) curves on each termination of the corresponding surfaces.

Moving now to the bare LSAT substrates, the most striking observation when
analyzing the data is that the ASP contrast (a, left) is considerably larger than, but
coincides in sign to, that of STO (a, left), that is, SP(A"O) > SP(B"0O2). As mentioned
before, in clean LSAT, these terminations are polar, and therefore, the larger magnitude
of ASP could arise from additional ionic and/or electronic compensation mechanisms.

We turn next to the SP profiles of LSMO grown on STO and LSAT sketched
in (b, central and left panels), respectively. In both cases, the SP of LSMO films
replicates the SP contrast of the corresponding substrate, that is, SP(A“O) > SP(B"O3)
for both LSMO//STO and LSMO//LSAT surfaces. The values of ASP measured
at the LSMO surfaces are quite similar, about 30 and 35 mV, and smaller than
ASP at the substrates, ASP(LSAT)~65mV and ASP(STO)x45mV. To understand
the physical origin of the observed contrast, we invoke again two different extreme
scenarios where the LSMO overlayer behaves as (i) a metal or (ii) an insulator. In

case (i), the Fermi level of different LSMO regions are aligned, implying that right
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below the topmost LSMO surface the electrostatic potential is uniform. Then, the only
source of surface potential modulation should originate from the termination-dependent
local work function of LSMO, regardless of the underlying substrate. The similar ASP
measured in LSMO//STO and LSMO//LSAT indeed suggests that this might be a
reasonable hypothesis. Conversely, in the scenario (ii), we expect the electronic levels of
the LSMO film to align separately to the underlying substrate. In this case, in addition
to the termination dependence of the LSMO work function described above, we must
also take into account the band offset at the buried LSMO//STO (and LSMO//LSAT)

interface.

We now briefly address the conductance profiles of LSMO on STO and LSAT
as sketched in (c, center and left panels), respectively. As already commented, in
all cases, the conductance profiles mimic the SP modulation of the LSMO film. As
higher SP corresponds in our experiments to lower electron barrier height, the higher
conductance in those regions is in agreement with expectations. The current-voltage
(IV) characteristics measured on each termination (d) of the corresponding LSMO

surfaces agree with this local electronic property, which results in lateral modulation.

The SP and conductance profiles at the surface of the BTO/LSMO//STO are
sketched in (b, c) right. The persistence of the STO bimodal signature (a, right)
up to the free topmost surface of BTO is remarkable. However, the BTO covered
surface has a SP profile reversed to those of the bare STO and LSMO//STO surfaces,
being SP(BaO) < SP(TiO3). Accordingly, the corresponding conductance profile (c,
right) is also reversed. Interestingly, the IV curve obtained on the higher SP region (d,
right) does present a nearly perfect n-type rectifying behavior of the new junction. The
overall observations deserve deeper investigation out of the scope of the present work,
since it may result either from the charge transfer at the newly formed BTO//LSMO
interface or from the ferroelectric nature and domain structure of BTO and/or the
concomitant charge screening due to adsorbates at the two BTO surface terminations.
As a closing remark, we note that the complete consistency of the KPFM and CSFM
measurements (which are done in very different operation modes) gives strong support
to the experimental procedures and data analysis and gives further evidence of the

dramatic impact of interfacial properties via substrate termination design.
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6.5 Complex Oxides Functionalized With Organic
Molecules

Hybrid materials based on oxide supported organic films are the subject of increasing
interest because of the many practical applications they may find in nanotechnology.
The control of growth and properties of these hybrid structures, on a length scale
down to nanometric dimensions, is one of the major challenges in the field and surface
science strategies based on the use of nanostructured substrate surfaces can be employed
to initiate and control the growth in a bottom-up fashion. Organic self-assembled
monolayers are of particular relevance in a wide variety of fields to improve or mo-
dify the characteristics of the materials surfaces. They are, for instance, employed
in relatively conventional electromechanical devices as lubricating layers, or used to
induce specific interface dipoles upon adsorption, which tune the surface work function
in optoelectronic systems. Thus both, the nanotribological properties of the organic
films themselves and the surface contact potential modifications they induce on the

substrates, are decisive and deserve in depth investigation.

6.5.1 Selective Growth of Stearic Acid on the TiO, Termination

The role of chemical surface termination of STO has been observed down to the
atomistic level and because titanium dioxide (TiOz2) terminated surfaces are preferred in
many applications, obtaining nanostructured surfaces having tailored TiOs termination
is of enormous interest for further developments. Moreover, besides the appealing
properties of the substrates and those of the materials growing on that surface, the
capability of confining these properties at the nanoscale in a controlled way, although
challenging, is of major technological interest in a variety of fields. Here we will show
that STO is a promising substrate because of the flexibility in this type of design.

SrTiO3(001) single-crystal surfaces have two possible chemical terminations (TiOq
and SrO) which coexist on as-received substrates. Annealing at relatively high tempera-
ture (1000-1200°C) causes atomic surface diffusion. By tuning the annealing conditions
(temperature and time), the size and distribution of SrO-terminated areas can be
controlled, from nanometer scale patches to highly ordered 1D-structures. The unknown
possibility of using these chemically-patterned substrates for selective growth of others

materials such as stearic acid is shown.
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Stearic acid (n-C17H35COOH) was chosen as an adsorbate because the carboxylate
function can interact favourably with oxide surfaces as well as the fact that the alkyl
chain can lead to ordering of the hydrophobic section (the alkyl chain) of the molecule
through van der Waals interactions, a situation that arises in different types of self-
assembled monolayers. Furthermore, the dimensions of the molecule make it easy to
locate on the surface and to determine its orientation. In addition, since this saturated
fatty acid is commonly used as lubricant and is expected to present a conveniently
oriented molecular dipole of measurable magnitude this molecule appears suitable to

explore changes on the STO surface properties.

We first attempted incubation of the surface in a 2mM solution of the acid in
absolute ethanol. Even after standing for long periods of time (up to 25 hours), removal
of the sample and washing with ethanol gave only signs of very little non-specific
adsorption. This observation indicates that the surface sites of the STO as it is prepared
and subsequently handled in air are not sufficiently active to form covalent links with
the acid. In an alternative approach, the ethanolic solution of the acid was cast from
a pipette onto the freshly prepared nanopatterned STO and the solvent was allowed
to evaporate. The surface was then rinsed with absolute ethanol and dried under a Ny

stream.

SFM images of this kind of cast films are presented for different surface coverages
(see Figure 6.14) showing that specific adsorption of the acid onto the TiO9 termination
exists. Growth of the first monolayer seemed to inhibit the growth of further organic
layers on top and a nearly perfect self-assembled monolayer following the nanostructu-
red chemical pattern of the underlying substrate is formed (a). The casting procedure
was tested at different deposition conditions, including sample post-annealing, without

noticeable changes.

In very few cases, local excess of stearic acid was found to give rise to slight SrO
occupation (b) or even isolated multilayer islands formation (c, d). These crystallite-like
structures, 5.34+0.2 nm in height (e), exhibited a top with two levels with extremely
well defined inter-plane distance of ~1.340.2 nm. Stearic acid molecules are ~2 nm in
length and thus the measured heights are consistent with layers consisting of molecules

standing up with a tilt angle of about 50° with respect to the surface normal. If this
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Figure 6.14. Topographic SFM data for three different stearic acid coverages (a, b and
c¢) obtained on three different STO substrates. A magnified region showing a multilayer
of stearic acid (d) and a line profile (e) as indicated in (d). The total height (5.3 nm) is
a multiple of the difference between the two superior levels (1.3 nm), which coincides
with the monolayer thickness.

is the case, the three dimensional islands would consist of 4 molecular layers grown on
one monolayer in direct contact with the TiOg-terminated terraces of the substrate,
which could then be considered as a wetting layer. We suggest that these 3D structures
resulting from multilayer formation are observed rarely and are non-expected because
the CHjs terminal group of the monolayer surface does not favour vertical growth. On
the contrary, the selectively grown single layer shown in (a) was observed to form over

the vast majority of the surface and was obtained repeatedly.

This can be seen in Figure 6.15, where a line profile crossing two surface steps and
a bare SrO terminated region, allows measurement of the organic layer thickness of
1.2-1.3 nm, which coincides with the inter-plane distance measured in the multilayered
islands. This observation further supports molecular self-assembly with stearic acid
molecules tilted about 50° with respect to the surface normal. The selective patterning
of the SrTiO3(001) surface with these organic molecules could arise from (i) specific
adsorbate-surface interaction leading to a more favourable non-covalent interaction with
one substrate termination or another, or (ii) selectivity could be driven by general

polarity factors, i.e. the polar head group of the organic molecule would assemble in
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Figure 6.15. (a) Topographic image of stearic acid deposited onto a nanostructured
STO substrate, (b) relief profile taken along the line indicated in (a). Topographic (c)
and friction (d) images. Topographic profile and the corresponding friction obtained
from (c, d) are shown in (e).

the area which is most hydrophilic. Previous results indicate that the SrO areas of the
surface are more hydrophilic than the TiOs areas, and therefore we rule out option
(ii). Rather, based on the chemical states proposed for similarly terminated carboxylic
molecules adsorbed on ITO oxide surfaces [205], we hypothesise an (i)-type situation,
where the carboxylic acid group forms hydrogen bonds with the TiOs in preference to

the SrO areas.

In order to know the change in the surface frictional response induced by the organic
layer, simultaneous topographic and lateral force (forward and backward) images were
acquired for both, the clean as-prepared STO substrate and the same surface after
stearic acid deposition. FFM measurements were always performed under low-humidity
conditions (RH =~ 2%). Friction plots were calculated from the forward and backward
profiles of lateral force images and correlated with the corresponding line profile of
the simultaneous topographic image. The difference in frictional response between SrO
and TiO2 terminated regions previous to the organic layer deposition was found to be

about ~10%, in accordance to the reported value of 15% for low humidity [186, 12].
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The friction map reveals a clear frictional contrast between the uncovered SrO regions
and the surrounding stearic covered TiOz terraces (see Figure 6.15 (d)). The friction
is quantified to be ~60% lower in the latter, i.e. the resistance to relative motion of
the initial TiOy has been reduced about 50% after the organic coating. We remark
that this percentage could be even larger because of the highly hydrophobic character
of the CHg3 terminated organic layer as compared to the hydrophilic character of the
SrO regions. Although film exposure to air was minimized (less than a few minutes at
RHs larger than 10%) a fine water film cannot be excluded on the exposed SrO surface

locations.

The organic layer deposition constitutes a convenient method to change the contact
potential difference between the chemically differentiated substrate surface regions,
in other words, the local surface potential of the STO substrate is reduced upon
adsorption of the stearic acid on the TiOs terraces. In order to quantify this effect, we
conducted KPFM measurements on two types of surfaces in which SrO nanostructures
coexist with either bare or stearic acid covered TiO2 terraces. The contact potential
difference between chemically differentiated regions on the thermally treated STO
substrate ACPDgro = CPDg,0 - CPDp;0 is independent of the material the tip is
made of. Topography, friction and surface potential data were obtained in the very
same STO surface area, obtaining a ACPDgrpo ~45+10mV, thus implying CPDg,o>
CPDr;0- As the stearic acid selectively adsorbs on the TiO9 terminated regions, we can
estimate the change in surface potential of these regions referred to that of non-covered
SrO terminated patches, i.e., using ACPDgro as a reference, regardless of the actual

absolute value of CPDg,o.

Topographic and KPFM maps for a stearic acid covered STO substrate were recor-
ded simultaneously. From the topographic relief and its corresponding surface potential
profiles on the stearic acid terminated TiOs terraces ( CPDacrio ), we estimate a
ACPD acrio—so = CPD aerio - CPDg,0x704+25mV. In addition, we estimated the
contact potential difference (ACPD 41050 ~110+15mV) by the shift of the electro-
static parabolas obtained with the 3D approach measured on specific point locations (
see details in [12]). In the frame of the present work, it is not the exact specific absolute

value of ACPD g.1i0—so which is relevant for our purposes, but the fact that for the
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bare substrate we found CPDg,0 > CPDyp;0, whereas after stearic acid adsorption
CPDg,0<CPD 4.1i0. This fact allows us to clearly conclude that the specific stearic

acid adsorption increases locally the contact surface potential of the substrate.

6.6 Conclusions

Self-separation of the surface chemical terminations has been effectively handled to
obtain surfaces with laterally modulated properties capable of hosting low dimensional
nanostructures of complex oxides.

A simple high-temperature annealing process, by which SrO terminations on Sr-
Ti03(001) surface spontaneously form ordered nanotrenches along step-edges separated
by atomically flat terraces in between has been exposed. Exploiting the difference
in adatom sticking coefficients between both chemical terminations, the chemically
self-patterned SrTiO3(001) surfaces can be used as template for fabrication of oxide
nanostructures by selective nucleation and growth.

It has been shown that chemical terminations existing at the as-received LSAT and
STO surfaces self-arrange after the appropriate thermal treatment to form a pattern
of AO and BOjy terraces separated by % u.c high steps. The width of the AO and
BOy regions, being of about some tens of nanometers (50-150 nm) on the crystals
analyzed, can be controlled by substrate miscut. Associated with the topographic
nanostructuration, the chemical terminations of the substrates promote the formation
of a patterned surface potential. We have found that the SP contrast at surfaces of
STO and LSAT substrates originates from the different electrostatic potential at the
(possibly reconstructed and adsorbate-covered) AO and BO; terminations.

LSAT substrates thermally treated display atomically flat surface morphology and
self-separation of the chemical terminations with tunable period. The resulting chemi-
cally modulated surface has been subsequently used for selective growth of other oxide
that preserve the lateral ordering of the substrate. Moreover, an appropriate combi-
nation of substrate and epilayer allows promoting 3D epitaxial growth that ultimately
produces self-ordered arrays of dots (StRuOs3).

The surface potential profiles of LSMO grown on STO and LSAT mimic those of the
substrate. Therefore, the substrate acts not only as template determining morphology

and chemical termination but also allows for the lateral tuning of the electrical proper-
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ties of the film surface. We have also shown that the SP contrast of the nanostructured
LSMO films is slightly smaller than that of the underlying substrates; however, ASP
shows only a weak dependence on the nature of the substrate, suggesting that the
distinct (La, SrO) and (Mnpg) termination might have the dominant role on the
SP contrast. Interestingly, the SP contrast at the surface of BTO appears reversed
with respect to that of the underlying substrate and electrode, suggesting that the
ferroelectric nature of BTO, e.g. via a hypothetical selective formation of ferroelectric
domains on distinct polar terminations, could play a role.

The conductance maps of all the investigated surfaces indicate that higher conduc-
tance is ubiquitously associated to higher SP. This close correlation, that is interpreted
by arguing that high(low) surface potential correspond to low(high) local electrostatic
barrier height, should contribute to a better understanding of the KPFM on insulating

materials.
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CHAPTER 7

FUTURE WORK AND OUTLOOK

In this work, we have shown strategies for producing self-assembled monolayers
(SAMs) exhibiting bi-chemically terminated organic surfaces on Au(111) substrates
and molecular growth on complex oxides, in particular STO(001). In addition to SFM
measurements, we carried out Infrared Reflection Absorption Spectroscopy (IRRAS)
and Polarization modulation-infrared reflection-absorption spectroscopy (PM-IRRAS)
experiments on Au(111) surfaces after immersing for prolonged times from 100pM
MMTA solutions (acetic acid and THF solvents) plus annealing . A characteristic
feature of this method is the surface selection rule, which states that only the vibrations
with a component of the transition dipole moment aligned perpendicular to the surface
plane can interact with the incident light and contribute to the infrared spectrum
[206]. In this sense, our objective was clearly to find the fingerprint of the terminated
surfaces SAMs (-SH and -COOH) by means of the spectroscopic technique. Despite the
effort, for instance, by preparing samples in minimum contact with the environment or
shifting the frequency in PM-module to enhance details for the region of interest, the

SH vibrational band was not observed.

7.1 TRRAS and PM-IRRAS

PM-IRRAS studies performed by Rajalingam et al. [207] revealed that the SH
vibrational band observed at 2565 cm ™! and 2572 cm ™! in the bulk are absent in the
IR spectra recorded for the benzylmercaptan (BM) and para-cyanobenzylmercaptan
(pCBM) SAMs, respectively. They suggested that the BM and pCBM thiol adsorb on
gold as thiolate. SH-terminated surfaces studied by Niklewski et al. [208] by means of
IR spectroscopy did not record the SH vibrational band either, which was associated

to its weak transition dipole moment.



7.1 IRRAS and PM-IRRAS

IRRAS and PM-IRRAS spectra were recorded with a Bruker VERTEX 70 FT-IR
spectrometer for the signal acquisition from the far IR (15cm™!) to visible (28000cm 1)
region, equipped with a Polarization Modulation Accessory (PMA) 50 unit (Bruker
Optik GmbH, Germany) which allows recording both IRRAS and PM-IRRAS data.
For PM-IRRAS experiments, each sample was placed in the external beam of a Fourier
transform infrared (FT-IR) instrument, and reflected light is focused onto a nitrogen-
cooled mercury cadmium telluride (MCT) detector at an optimal incident angle of

80-82° relative to the surface normal.

Figure 7.1. SFM topographic image of MMTA islands on Au(111) after immersing
from a 100uM acetic acid (a) and THF (b) solution for 16 hours and post-annealing at
115°C for 16 hours. (a, top) PM-IRRAS of the bi-chemically terminated surface after
annealing process for 1000-2000 cm ™! region and shifting the maximum efficiency for
the wave retardation at 1000cm~! to detect the SH stretching mode at 2500cm™! (a,
down). (b) Topographic image and IR spectra showing the stretching modes of the
carbonyl group at 1450cm™! and 1710cm ™! as well as the fingerprint of aromatic rings
at 1600cm .
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7.2 Selective Growth of Metal Organics

In Figure 7.1, we display the PM-IRRAS spectra recorded for -COOH and SH-
terminated surfaces on Au(111) substrates plus annealing. IR spectra (a, top) revealed
band intensities at ~1200cm~!, ~1410cm~! and ~1600cm~!. Interestingly, we obser-
ved the band located at 1410cm™! | closely at 1435cm~! whose value is assigned to
the carboxylate symmetric stretch vibration [75, 209]. The presence of bands in the
(1200-1300 cm™1) range could indicate formation of ester groups after the formation
of SAMs. The width stretch vibration at ~1600cm ™" corresponds to the fingerprint of
the aromatics rings of the MMTA molecule. IR-retarded spectra recorded at 1000cm ™!
to enhance details in the range 2000-3000cm ! is displayed (down). The absence of the
-SH vibrational band for these type of samples not only suggests that thiol molecules
were anchored to the Au(111) surface, but the SH-terminated surface poses a weak

transition dipole moment.

The frequency of 1710 ecm ™! observed in (b) is typical for cyclic dimers of carboxylic
acids, this fact provides also support for the presence of a second layer of MMTA
hydrogen-bonded to the first layer as proposed Arnold et al. [75]. However, this stretch
mode is absent in the IR spectra of (a).

7.2 Selective Growth of Metal Organics

On the another hand, it is known that self-assembled monolayers of molecules
on gold can be utilized as chemically sticky surface for attachment of metal clu-
sters and layers, we investigated the possibility that on -COOH or SH-terminated
surface bind chemically to the deposited metal atoms. In our first attempt, we used
dinuclear copper(II) acetate complexes (Cuz(CH3COO),02H20) (hereafter CuAc) on
the bi-chemically terminated islands. For each experiment, the CuAc was deposited
by immersing the (-SH and COOH)-terminated surfaces Au(111) substrate in 1mM
aqueous for 3 hours, 24 hours and 2 days at room temperature in absence of light (see
Figure 7.2), described in [10]. We did not observe a selective growth on the (-SH) or
(-COOH)-end groups, but 2D and 3D structures were observed by SFM technique. In
addition, we performed KPFM, high resolution lateral force and friction experiments
on the resulting surface. We propose as future works, depth studies in the theoretical

and experimental frame to understand the type of interaction with the surface and
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7.2 Selective Growth of Metal Organics

design experiments with CuAc solutions more diluted.

Figure 7.2. (a, b) SFM images of CuAc deposited by immersion on MMTA islands
on Au(111). (a, top) Topographic image before (left) and after immersing for 3 hours
in CuAc solution of the MMTA islands (right). (down) Topographic image of CuAc
after 24 hours, lateral force images(Fw&Bw)(middle) and surface potential image in
different region. (b, top) Topographic image before (left) and after immersing for 2 days
in CuAc solution (right). (down) magnified topographic image on the formed structure.
High resolution image reveals a molecular order as shown FFT (inset).
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