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INTRODUCTION

Why direct localized electro-grafting on conductive and semi-conductive surfaces
through a mask-free process is important?

Several years ago, a trend of interdisciplinary research started to connect the
possibilities of conductive or semiconductive substrates with the versatility of organic
molecules and biomolecules. Tailoring the interface between surfaces and organics is a
prerequisite for numerous developments in different fields, such as medicine, genetics,
electronics, sensing, and photovoltaics.

More particularly, the localized grafting, at a micronic or submicronic scale, of organic
substances on surfaces is thus often a prerequisite in the design of bioelectronics
devices, and a valuable component of some combinatorial screening strategies.
Moreover, microelectronic devices including transistors, sensors, memories as well as
micro-fluidic channels, and video-screen, are generally based on interfaces between
conducting and quasi-insulating domains resulting from lithographic steps, ionic
implantation and silicon oxide thermal growth. Most of the existing techniques require
many steps of transformation and their implementation is often expensive.

The coating surface technology is a domain centered on the functional materials
deposited on a substrate and giving special properties to the supporting structure. The
electro-grafting is a technique able to introduce chemical functions covalently bonded
on the surface. This is a guarantee of stability in the time and under aggressive
environment. In this study we developed a one step technique that allows the direct
localized electrografting of organic matter on homogeneous conductive and semi-
conductive substrates at a micronic or sub-micronic scale. In order to limit the cost and
the number of transformation steps, we researched a mask-free process allowing, in
only one step, the localization of organic coating chemically bonded to initially
homogeneous substrates thanks to the coating process itself. Therefore, we used a
Scanning Electrochemical Microscopy (SECM) to promote the local electrografting of
thin organic coatings. This study describes thus the steps undertaken to realize a
robust one-step technique of localized surface modification by SECM. The work is
centered on experimental evidences and characterizations that have driven the
research and the subsequent improvement of the process.

To avoid any misunderstanding, it must be clearly noted that our work does not want
to be a contribution to the theoretical and/or instrumental development of the SECM
technique itself. Our followed objective is clearly to use SECM as an electrochemical
tool allowing us to generate locally particular electrochemical conditions able to start
the grafting process. For that reason, we have attempted to rationalize our
observations in terms of basic electrochemical processes. Moreover, we do not have of
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knowledge and the tools allowing to develop the modeling aspect inherent in the
technique. Therefore, in the absence of some modeling, our analysis may remain
rather qualitative. Nevertheless, we think that our experimental results are sufficiently
rich to bring an interesting contribution to the SECM literature on patterning. We are
also convinced that our experimental data set can constitute a solid base for
forthcoming modeling challenges.

The manuscript is structured in five chapters.

In the first chapter, we introduce the SECM technique. Microelectrode (UME)
properties, the core of this microscope, are briefly explained and the main applications
are cited. Imaging of electrical surface properties and studies of surface reactions rates
are also reported through some significant examples. To conclude this chapter, some
interesting examples of local electrochemical modifications are listed.

The second chapter is devoted to several coating technologies and focuses more
particularly on (i) the cathodic electro-grafting process, historically developed by the
LCSI lab (Laboratoire de Chimie des Surfaces et Interfaces), (ii) the electro-grafting from
diazonium salts and the formation of an adhesive primer layer, and (iii) the indirect
cathodic electrografting of vinylic polymers initiated by the aryl radicals (also called the
Surface Electroinitiated Emulsion Polymerisation process, SEEP).

Chapters 3 and 4 are devoted to the local electro-grafting process itself using the SECM
tree- and four-electrodes configuration, respectively. Both chapters describe a series
of systematic studies looking at the effect of key parameters and gather our main
experimental results. Chapter 3 emphasizes more particularly the proof of concept, the
lithographic capabilities of the developed process, and its extension to the sub-
micronic scale. Chapter 4 tends to investigate more precisely the mechanism of the
process. Thanks to an individual control of the potential applied to both electrodes, we
are able to establish the necessary and sufficient conditions to induce the localized
electro-grafting, making so possible the extension of the process to several conductive
and semi-conductive substrates.

In opposition of the previous chapters which are devoted to the localized grafting of
organic coatings on a substrate, the fifth chapter treats the local etching of a
transparency semi conductive substrate (ITO). This chapter, in margin of the principal
subject of the thesis, is nevertheless interesting for the prospects that it opens in the
field of the patterning of microcircuits on flexible support such as those used for the
organic light-emitting diodes (OLEDs) manufacture.

To conclude, the perspectives of this work are discussed through three examples of
potential applications for which a preliminary concept of demonstration is presented:
(i) the transposition of the localized process to a structured microelectrode, (ii) the
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possibility to use the localized grafted surface as a mask for a subsequent global
electrografting process, and (iii) the possibility to use the localized grafted surface for
biological detection.






CHAPTER 1

ELECTROCHEMISTRY BACKGROUND

This chapter introduces the electrochemical concepts relevant to this work including
cyclic voltammetry, ultramicroelectrodes, and scanning electrochemical microscopy.
We also give examples of fields of applications for the SECM technique.

1. Electrochemical concepts
1.1. Cyclic voltammetry (CV)

Cyclic voltammetry is a very versatile electroanalytical technique that has been applied
to a variety of investigations including evaluation of electron transfer kinetics and
elucidation of transfer mechanisms,™™ characterization of materials (e.g. catalyst
surfaces,”! conducting polymersm), and biomedical research (in-vivo monitoring of
dopamine release in the brain, for example).[‘”

Practically the surface undergo the CV, the working electrode (WE), is polarised
respect a reference electrode (RE) and a current flow is installed between the WE and
a counterelectrode (CE). During a CV experiment, the potential applied to the working
electrode is varied with a linear potential sweep starting from an initial potential value
(E;) to a switching potential (Ey), where the sweep direction is reversed and returned to
the initial value (Figure 1A). The scan rate v of the potential sweep is an important
parameter, since it determines the time scale of the experiment.[” The resulting
current is plotted against the applied potential. Figure 1B shows a CV for a one-
electron transfer reaction defined by the following reaction

O+e —R

where O is the oxidized form of the involved redox species, and R is the reduced form.

do b 2]
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Figure 1: (a) Shape of the potential waveform applied during a CV scan. (b) CV for a reversible
reaction at a macroscopic electrode.

The shape of the CV is determined by two processes, heterogeneous charge transfer at
the interface, and diffusional mass transport. The heterogeneous charge transfer at
the interface is described by Equation (1.1)™

—anF(E-EY)
ET

i=nFA [CG(CI,I?}FL'” ex;n(

94 _ __ o
)_ CR(ﬂ,t}Fc”exP((l ain F(E E‘]')l an

RT

where n is the number of electrons transferred in the electrode reaction, F is the
Faraday constant, A is the electrode area, Co/x(0,t) are the surface concentrations of O
or R at time t, ko is the standard heterogeneous rate constant, a is the transfer
coefficient, E is the applied potential, E%is the standard potential, R is the gas constant,
and T is the absolute temperature.

Generally, mass transport may proceed as a result of three effects: convection,
migration, and diffusion. However, only diffusional mass transport effects are
considered in typical CV theory, since convection may be avoided in unstirred
solutions, and migration may be suppressed by addition of an excess of supporting
electrolyte. Electrode surface concentrations of the reactive species are dependent
upon the applied potential and differ from the bulk concentrations during the
electrochemical experiment.

Diffusion controlled mass transport occurs via the concentration gradient. Fick’s
second law of diffusion describes the time-dependent change of the diffusion field,
and as a result, the time-dependent current observed at the electrode can be derived

as follows™
GCplx, t
i=nF AD, [—
6x r=n (1.2)
GCqh(x, t)
where Do is the diffusion coefficient of O, dx is the concentration gradient in

distance x at time t, and other parameters are as defined previously. Note that this
relationship is only defined for planar diffusion. Solving Equation (1.2) leads to the
Cottrell equation[G]

nF 4Dy C,
WITt (1.3)

i =

where Co is the bulk concentration of O, while other parameters are defined as
before.



From Equations (1.2) and (1.3) it is evident that there are two components
contributing to the current measured at the electrode, the heterogeneous charge
transfer at the interface, and diffusion. However, depending on the rate of the
heterogeneous charge transfer, one of the two components can prevail. In case the
charge transfer proceeds fast (ko > 10" * cm s, reversible case), the current measured
is limited by mass transport (diffusion controlled process). For this case Equation (1.2)
reduces to the Nernst equation, and the surface concentrations are dependent on the
applied potential. The other boundary is represented by the irreversible case (ko < 107
cm s), where the heterogeneous charge transfer is the rate limiting step determining
the measured current. Quasi-reversible reactions are in between these two cases
(approx. 10" cm s> ko > 10° cm s'), and are consequently controlled by both the

mass transport and the heterogeneous charge transfer.™



1.2. Ultramicroelectrodes

Ultramicroelectrodes (UMEs), commonly also called tips, are electrodes with
characteristic dimensions on the micrometer or sub-micrometer scale. The properties

7.8 As already

of small electrodes have been investigated intensively since the 1980s.
indicated earlier, the Cottrell equation is only defined for planar diffusion observed at
macroscopic electrodes. During planar diffusion, mass transport occurs perpendicularly
to the electrode surface, and may be mathematically described as one dimensional
diffusion (scheme 1a). Despite diffusion at electrode edges deviating from planarity,
edge effects are negligible at large electrode surfaces. At small electrode surfaces (i.e.
UMEs), contributions from mass transport parallel to the electrode surface (i.e.

electrode edges) are not negligible anymore, and have to be considered.

a b

LT V"7
Scheme 1: Schematic representation of planar (a) and hemispherical (b) diffusion.

In this case, diffusion is referred to as hemispherical diffusion (for a disk electrode),
and is mathematically described by two-dimensional diffusion processes (scheme 1b).
Solving the diffusion equation leads to a modified Cottrell equation with a second term
as follows!”!

nFADoCy, , mFADyC,

Vit VT a (1.4)

=

where b is a prefactor that is influenced by the transition from the planar to the
hemispherical diffusion field, and a is the radius of the electrode. Depending on the
time scale of the experiment, either the first or the second term of the equation
dominates. The first term is equivalent to the unmodified Cottrell equation dominating
at short time scales. At longer time scales, the second term dominates and a steady-
state current may be observed. Due to hemispherical diffusion towards the electrode
surface, smaller electrodes need a shorter time to reach the steady-state. Zoski et al.
calculated the time required to reach steady-state currents at disk electrodes with
different electrode radii.””® The authors concluded that at the assumed diffusion
coefficient (10 cm? s!) disks with radii of 5 pm and 0.5 um required 1.3 s and 0.01 s,
respectively, to reach steady-state. At macroelectrodes, this time is in the range of
hours.”! Given the small surface area, high current densities are observed during
hemispherical diffusion.



As indicated earlier, the shape of a CV depends on the diffusional mass transport.
Hemispherical diffusion leads to a sigmoidal shape of the CV. The time scale of the
experiment can be directly influenced by the scan rate. Hence, at fast scan rates planar
diffusion is observed, whereas at slow scan rates hemispherical diffusion dominates.
Similarly, decreasing the electrode radius at a constant scan rate increases the
contribution of hemispherical diffusion. This effect is visualized on figure 2.

60 - —_
f A
50 j “‘“‘hﬁ_w,_#/__) —— UME 25um
——— T e UME 50m
40 ! -
;7 — — UME 100pm
30 / /
'f_é 20 - /f ;{ :
D -o-----’-_i.-:_.;_.;;_d__ﬁ:_'_ T :I:’ - Jll T T T T 1
-0,2°-04—0 01 /02 03 04 05 0O,
-10 -
"/
_20 _

E (V/Ag wire)

Figure 2: Cyclic voltammetry of the oxidation of ferrocene methanol (5*10° mol.dm™) in KCI 10°
2 mol.dm for three different ultramicroelectrodes sizes: 100um-Pt UME (dashed line), 50um-Pt
UME (dotted line), 25um-Pt UME (solid line). Scan rate: 50mV s

One of the advantages of the UMEs is thus the formation of a hemispherical diffusion
field that allows more efficient mass transfer than that at macroscopic electrodes. For
example, let’s consider an ultramicroelectrode immersed in a solution containing an
electrolyte and a redox species (e.g., a reductible species, 0), at the concentration Cin
solution. The tip initiates faradic reactions with electroactive species present in the
solution. If the potential at the SECM tip is sufficient to reduce O to a species R, the
special diffusion properties lead to a rapid establishment of a steady-state diffusion-
limited current iTe , which is proportional to the concentration of species O. When
the tip is far (i.e., more than 4 tip electrode diameters), the steady-state current
attained at the tip, IT= , is given, for a disk-shaped electrode surrounded by an
insulating sheath by equation (1.5)":

it =4nFDCa (1.5)
All parameters were defined earlier.

Far from the substrate, the diffusion layer near the tip electrode is thus roughly
hemispherical; however, this diffusion layer will be changed as the tip is brought closer
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the substrate. In the next section, we will show how the nature (insulating, or
conducting) of the substrate influences the current measured at the tip.

To conclude this paragraph, we can say that faster double-layer charging, reduced
ohmic loss, and high-mass transport rates brought by UMEs have allowed them to

revolutionize thermodynamic, kinetic, and electroanalytical measurements. [7, 10]

2. Scanning Electrochemical Microscope

Scanning Electrochemical Microscopy (SECM), one of the major developments in the
field of electrochemistry in the past decade, has been shown to be a promising
analytical tool for localized studies of surface reactions and their kinetics, for imaging
at micro- or nano-scale and for local surface modifications. Since its introduction by
Bard et al.l'* 2! 1314 [15

been published on its methodology and applications, and numerous reviews and books

and Engstrom et a Lin 1989, approximately 1000 papers have
have appeared.[15'2°] It is not the aim of this manuscript to give an exhaustive review of
the technique, and its more recent advances in theory and applications. Our goal is to
give to the reader a brief and comprehensive overview of its fundamentals, and its
general application in order to highlight the concepts that will be useful to discuss our

experimental results.

Scanning electrochemical microscopy employs an ultramicroelectrode, also known as a
tip, to induce chemical changes and collect electrochemical information while
approaching or scanning the surface of interest (substrate). In other words, SECM
involves the measurement of the current through the ultramicroelectrode when it is
held or moved in a solution in the vicinity of a substrate. Substrates, which can be solid
surfaces or liquids, perturb the electrochemical response of the tip, and this
perturbation provides information about the nature and the properties of the
substrate. The substrate may also be biased and serves as the second working
electrode. Many different types of UMEs have been fabricated, e. g., microband
electrodes, cylindrical electrodes, microrings, hemispherical, and disk-shaped
electrodes.” #2 The last one is the most used for SECM experiments, though other

[23-31

shapes may be suitable for specific experiments. 'In the following descriptions, we

will focus only on the disk-shaped UMEs.



2.1. Instrumentation

The illustration of the SECM instrument used for this work is shown in figure 3. This
instrument is composed by four main elements:

e the electrochemical cell including the UME probe, the substrate, the reference
electrode and the counter-electrode.

e the positioning elements, translator stages, and motor controller allowing to
control the relative positions of the substrate and the UME. Generally, the
position normal to the substrate is taken as the z direction, while x and y are
those in the plane of the substrate.

e a bipotentiostat allowing to control the potentials of the tip and/or the
substrate versus the reference electrode and to measure the tip and substrate
currents.

e Data acquisition system.

Bipotentiostat

—>» X-y-Z motorized translator
stages

Video microscope Probe mount system

Vibration isolation  glactrochemical cell

Figure 3: lllustration of the UNISCAN 370 SECM instrument showing translators, tip and cell
mounts.

The relative positioning of the UME towards the substrate is a crucial point. More
precisely, the substrate must be placed perpendicular to the z-axis (corresponding to
the tip axis) and the tip must be placed in its support without showing inclination. The
planarity of the substrate has to be checked before all experiments. This is done by
setting the microelectrode potential on the reduction or oxidation plateau of the redox
mediator ([Fe(CN)¢]> or ferrocene methanol in our case, see chapter 3).
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The precise positioning capabilities, which make high spatial resolution possible, give
the SECM an important edge over other electrochemical technique employing UMEs.
For example, the SECM can pattern the substrate surface, visualize its topography, and
probe chemical reactivity on the micrometer, or nanometer scale. At the same time,
SECM differs from the other SPM techniques in its applicability to quantitative
measurements (e. g., kinetic experiments) through well-developed and rigorous
electrochemical theory.

The SECM tips can be prepared in different ways. An established procedure for the
disk-shaped geometry (the most used configuration) involves heat sealing of a
microwire or a carbon fiber in a glass capillary and connecting it with silver epoxy to a
larger copper wire on the back side. The end of the capillary is then polished to expose
a disk-shaped electrode. The sides of the glass insulating sheath are then ground down
with abrasive to form a truncated cone and to allow closer approach to the
M The important parameters of the tip geometry, reported on figure 4, are
(i) the radius of the conductive core (i. e., a), and (ii) the total tip radius, rg (i.e., a plus

substrate.

i)
(i

the insulating sheath thickness). The dimensionless parameter is normally

comprise between 5 and 10.

Al

Figure 4: UME tip fundamental dimensions

2.2. Modes of operation

In this section, we briefly survey the fundamentals of various modes of the SECM
operation. With essentially the same setup, several SECM modes of operation can
indeed be realized including feedback mode, tip generation/substrate collection mode
(TG/SC), substrate generation/tip collection mode (SG/TC), penetration mode, and ion
transfer feedback mode.

11



2.2.1. Feedback mode

In a feedback mode, the tip serves as the working electrode in a three or four-
electrode systems. The sample that is usually called the substrate may serve as a
second working electrode. The electrodes are immersed in a solution containing one
redox form of a quasi-reversible redox couple (e.g., a reductible species, O) added to
the supporting electrolyte as a mediator. The current at the tip of the electrode is a
function of the solution composition, the distance between the tip and the substrate,
and the nature of the substrate itself.

When the tip is moved close to an insulating substrate, diffusion of O to the tip is
hindered (scheme 2b) and the tip current ir is smaller than iT= . This value of
It depends upon the tip-substrate distance, d; T decreases as d decreases. At the
limit, when the distance d approaches zero, IT also approaches zero. This decrease in
current with distance is called negative feedback. It also depends upon the radius of
the insulating sheath, which also blocks diffusion to the electrode.

When the tip is brought to within a few tip radii of a conductive substrate, the R
species formed at the tip diffuse to the substrate where it can be oxidized back to O.
While there is still blockage diffusion of O to the tip by the substrate, the current at the
tip will increase due to the recycling of species O (scheme 2c) which produces an
additional flux of O to the tip. In this case, It = r= and is essentially independent of
the size of the insulating sheath. In the limit as d approaches zero, the tip will moved
into a regime where electron tunnelling occurs and the tip current increases
significantly. This increase of current with distance is called positive feedback.

(a) Hemispherical diffusion (b) Hindered diffusion (C) Feedback diffusion
0 I 0 I
V. N O — a0 O R 0
o 7 7 1 '\'\ o TN Ja_,T
) o Insulating substrate Conductive substrate

Scheme 2: Basic principles of scanning electrochemical microscopy: (a) far from the substrate,
diffusion leads to a steady-state current, It=; (b) near an insulating substrate, hindered
diffusion leads to 't = Ir=; (c ) near a conductive substrate, feedback diffusion leads

to it = lr= [from reference™].

Note that while it is possible to drive the reaction R > O + ne at the substrate by
controlling its potential via a connection to an external potentiostat, this reaction
occurs also often at an unbiased conductive substrate as well. Indeed, the potential of
an unbiased conducting substrate is directly proportional to the concentrations of
species.® Since the substrate is usually much larger than the tip electrode, most of it
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will be bathed in solution containing only species O. In this case, following the Nernst
equation (equation 2.1), the potential of the substrate will be established well positive
of the E® of the redox couple since Cr = 0 |

RT C
E=E%"+ —ln( ﬂ)
nF  \Cp, (2.1)

As E — E® > 0, R, touching the substrate beneath the tip, is oxidised.

A plot of IT versus d, as a tip is moved in the z direction, is called an approach curve

(figure 5). These curves are given in dimensionless form by plotting the normalized
_ I

current ( N s ) versus the normalized working distance (£ = d;‘ra). Since this

plot involves only dimensionless variables, it does not depend upon the radius of the

tip, the concentration or diffusion coefficient of O. From these curves one can readily

find d from the measured T and the knowledge of a.

A quantitative description of approach curves can be obtained by solving the diffusion
equations and can be found in the literature (see for example chapter 4 of

reference!®

). Analytical relations of the dimensionless approach curves obtained for
the situation of a disk electrode (for RG = 10) and a planar substrate are reported
below (equations 2.2 and 2.3) for a “ideal” conductive substrate (essentially infinite
rate of regeneration of O from R) and a “ideal” insulating substrate (zero rate of
regeneration of O).[23] Obviously, this situation represents the two limit cases. Two
parameters are able to influence the experimental curves which will then be situated
between these two limit cases: (i) the kinetic of the regeneration of the mediator on

the surface; (ii) the UME geometry.

0.754 —1.067
Iy conductor = 0.68 + T + 0331 exp ( I ) (2.2
I _ 1 0.145 L
Ninsulating —
0.457 + 2280 4 0.431 exp (222 ) T T576+L 23
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Figure 5: Theoretical approach curves for a tip electrode over a conductive (a) and insulating (b)

substrate computed for RG = 10 from equation (2.2) (curve a) and equation (2.3) (curve b). %!

The feedback process is an important feature of the SECM method. The direction of
the current feedback indicates the nature of the surface, while the magnitude of the
signal gives an indication of the distance of the tip from the surface, or alternatively,
an indication of the rate of species turnover at the substrate.

2.2.2 Collection-generation modes

In the generation/collection mode, both tip and substrate can be used as working
electrodes, one working electrode generating species which are collected at the other
electrode. We can distinguish two significantly different modes:

(i) the tip generation-substrate collection (TG/SC) mode (scheme 3a): the tip is used to
generate a reactant (for example B in scheme 3a) that diffuses across the tip-substrate
gap to react at the substrate surface. In the TG/SC mode, currents flowing through the
tip ( ir) and through the substrate (fs) have to be simultaneously recorded. In most
cases, the substrate is considerably larger than the tip, so that the collection efficiency,

lg
given by /1'1" is essentially 1 for a stable tip-generated species when the working

distance d is low ('fJI = 2a ), Under these conditions, the tip-generated species, R
predominantly diffuse to the large substrate, rather than escape from the tip-substrate

?.'5/.

gap. If generated species react on transit from tip to substrate, /I7 becomes smaller,
and its change with separation, d, allows determination of rate constant of
homogeneous reaction.?7!

(i) the substrate generation-tip collection (SG/TC) mode (scheme 3b): the tip probes

the reactions that are occurring on a substrate. In this configuration, the tip acts only
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as a collector of electroactive species. Historically, the first SECM-type experiments
were carried out in this configuration to measure concentration profiles in the
diffusion layer generated by a macroscopic substrate*®3#: a scan in the z direction can
produce the concentration profile; the tip is moved through the diffusion layer
occurring on the substrate and detects the current variations which are related to the
local variation of the concentration of the electroactive species. On the other hand, a

scan over the surface can identify hot spots, where reactions occur at higher rate.

TG/SC SG/TC
(a) (b)

Tip electrode Tip electrode

Y. g A B gy A B
prod prod prod

A/’T ‘I'\.products ‘1’ ? l Y ‘1’ ?
A y B A B A B A B

S~~—~ V S~~—~
e Substrate electrode e Substrate electrode

Scheme 3: principles of (a) the TG/SC mode and (b) the SG/TC mode for measuring follow-up
chemical reactions of electrogenerated species. Species B, produced from a solution precursor
species, A, at a generator electrode undergoes decomposition during transit to a collector
electrode [from referenceﬂs] 1.

In addition, other modes such as ion-transfer feedback mode[39], penetration mode[4°],
equilibrium perturbation mode and potentiometric detection, were developed to
investigate various specific electrochemical processes. Details on those modes can be
found in the reviews listed in the references (16)

2.3. Main applications of SECM

SECM is a powerful tool for studying structures and processes in micrometer- and
submicrometer-sized systems. It can probe electron, ion, and molecule transfers, and
other reactions at solid-liquid, liquid-liquid, and liquid-air interfaces.*! This versatility
allows for the investigation of a wide variety of processes, from metal corrosion to
adsorption via metabolism in single living cells. SECM has also been shown to be a
promising analytical tool for imaging at micro-/nano-scale and for local surface
modifications. This section covers some applied research but does not give, in any way,
an exhaustive list. We focus more particularly on some fields for which SECM give new
opportunities.
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2.3.1. Imaging

An important advantage of the SECM is the capability to image the surface topography
or reactivity.*” Two modes are used to map surfaces by SECM: the constant height
mode and the constant distance mode.?> **! Constant height mode images are
obtained by moving a probe laterally in the x-y plane above the substrate and
monitoring the tip current, i7, as a function of tip location. One can so obtain
topographical images of conducting and insulating substrate if their surfaces are
chemically homogeneous. On the other hand, since the SECM response is a function of
the rate of heterogeneous reaction at the substrate, it can be used to image local
chemical and electrochemical reactivity of surface features. The resolution attainable
with the SECM largely depends upon the shape and the size of the tip, and the distance
between tip and substrate.

Figure 6b shows an experimental SECM image of a portion of a hybrid Cu/polymer
sample (fig. 6a) obtained in feedback mode at constant height image. The dark squares
correspond to the conductive Cu pattern in front of which positive feedback is
observed leading to an increase of the recorded current.

b

Figure 6: (a) Optical image of copper pattern on polymers film spin-coated on gold; (b)
Constant height SECM image of a 800-um x 800-um portion of a hybrid Cu/polymer sample in a
solution containing 5.10° mol. dm™ K,Fe(CN)s, 25-um Pt. The imaging tip current was 8 nA on
the insulating zone, and it==18.6 nA, d = 642 um.

The height constant mode is efficient for relatively large tip electrodes. However, when
smaller tips are used in the hope of attaining higher resolution, scanning in this mode
becomes more difficult. Indeed, as shown above, positive and negative feedback
effects are only measurable for L=d/a close to 1, which means smaller tips require
shorter tip-substrate distances. In those conditions, irregularities in the sample
surface, or tilt of the sample can cause a “tip crash”. The constant current mode is
then more useful to provide independent information about the sample topography
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and monitor local electrochemical activity/conductivity in proximity of solid/liquid

interface.[#+4¢!

Therefore, for high resolution, SECM must be performed in the constant current mode.
SECM has then to be coupled with other scanning probe microscopy techniques (SPM),
such as AFM and STM, where the distance is adjusted by a feedback loop to the z-piezo
to maintain the current constant. Several groups have undertaken the development of
a combined AFM-SECM which represents a significant advance in SPM methodology.[15’
31, 41, 47561 AV gives high-resolution topographic information and is able to precisely
control the distance between the sample and the probe, whereas SECM can provide
detailed information of local chemical/electrochemical processes. Thus a raster in the
AFM-SECM mode simultaneously produces a surface topographical map and a surface
reactivity map. This makes the AFM-SECM combination very useful for imaging
substrates of complex topography and variable reactivity. Works developed in that
latter field are essentially devoted to cantilever tip probe development which have to
act simultaneously as a force sensor for topographical AFM imaging, and an UME for

[48, 57-62]

electrochemical SECM imaging and to local electrochemical phenomena

[50, 63-65]

analysis, particularly for studying biological systems, and corrosion

phenomena.[se' 871

2.3.2. Study of the reactional rate

A greater understanding of interfacial kinetics and mechanisms in condensed-phase
systems has been achieved, over the past decade, through the use of scanning
electrochemical microscopy techniques.[ll’ 13,14, 20,41, 65, 68-75] The SECM response
depends on the rate of mass transfer of a target species to the UME, positioned in a
solution, close to the interface with a second phase, which may be a solid, quuid[76'81]

or gas.[82]

The mass transfer rate, in turn, is governed by physicochemical processes at the part of
the interface directly under the tip. The small characteristic dimension of the SECM
probe enables high rates of diffusional mass transfer to be attained in the gap between
the UME and the interface. This facilitates the measurement of fast interfacial
processes, with high spatial resolution, under well-defined and calculable conditions.

SECM has thus proven a powerful approach for measuring the kinetics of
homogeneous reactions coupled to the heterogeneous electron transfer. Various
SECM methods are currently available for measuring homogeneous reactions within
various electrochemical mechanisms such as irreversible first-order or second order
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chemical reactions following electron transfer (i.e., the EC; and EC; mechanisms
respectively) (scheme 3).

To illustrate this paragraph, we will just take the EC; mechanism as example, as most of
the SECM techniques have been applied practically to this class of reaction. For these
investigations, both the tip and the substrate are electrodes, and the tip/substrate
configuration essentially functions in the TG/SC mode.

In an EC; mechanism, the following processes occur:

Generator electrode: 4 +ne” — B (2.4)
Solution: B — Products (2.5)
Collector electrode: B —ne”™ — A (2.6)

For a generated stable species at the UME by a simple charge transfer process (relation

Is
(2.4)), the efficiency of the collection (relation (2.6)), defined by the /l'r ratio, is close

to 1 (100%) when the distance d is sufficiently small (fJI = 2a ). On the other hand, in
the case of a chemical reaction coupled with the charge transfer, for which species
produced at the probe reacts in the interelectrode space by generating an electro-

15/.
inactive species (relation (2.5)), the LT ratio decreases. This variation allows to

1'5/_
reach the rate of the coupled chemical reaction; /LT ratio will tend towards 1 (slow
chemical reaction), or towards 0 in the case of a very fast chemical reaction.

SECM has traditionally been applied to study processes at liquid/solid interfaces. For
example, it has found particular use in: (i) measuring fast electron-transfer processes

at electrodes'®®* and immobilized redox enzymes[ss’sgl; (ii) characterizing dissolution
and growth processes at a variety of materials including metals,#*%!
semiconductors,®™  *! jonic crystals,®” and polymers;®® (i) determining

adsorption/desorption kinetics and surface diffusion rates.”!

More recently, SECM has proved a powerful kinetic probe of reactions that occur at
the interface between two immiscible liquids. SECM studies, hitherto, include the use
of the equilibrium perturbation mode to probe molecular and ion transfer

processes,®>> % % and the feedback mode to measure the rates of interfacial redox

reactions.l’”” 100

Part of the success of the SECM, over more conventional
methodologies, stems from the ability to measure reaction rates under conditions
where the contributions from transport and interfacial processes can readily be

separated.
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2.3.3. Study of corrosion

The SECM technique can be regarded as an ideal tool for the investigation of local
corrosion phenomena. Indeed, localized corrosion such as pitting corrosion occurs in
discrete location whose diameters are an ideal feature size for SECM analysis.
Corrosion pits or defects generally initiate due to some chemical or physical
heterogeneity at the surface, such as inclusions, second phase particles, flaws,
mechanical damage, or dislocations. The corrosion mechanisms depend on the
material composition, electrolyte and other environmental conditions. [0+
Therefore, the small size of UMEs can be employed as probes to scan corrosive
processes in closely defined spaces on the one hand, and serve as experimental

models for local corrosive processes, on the other (fig. 7).[55' 102-111]

) g

3.45
“‘, N f"!’ *—

3.00

\| 220k, Z(nA)

Figure 7: (a) 2D and (b) 3D SECM images of the surface of the EN W-3003 alloy in 20
mM NaCl and 5 mM Kl electrolyte at anodic polarization of 200 mV. The dotted ellipse
highlights enhanced current on the boundary around an elongated IMP (reprinted from
reference [96]).

2.3.4. Electrocatalysis

Industry is looking for new catalytic materials, in particular to replace expensive
platinum currently used to enhance the performance of fuel cells. Recent

(82, 111117 h ave demonstrated the utility of

investigations carried out by several groups.
SECM as a rapid and high throughput technique for screening electrocatalysts for

various processes (fig. 8).
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For example, the SECM has mostly been used to study two electrocatalytic reactions,
the hydrogen oxidation (HOR) and the oxygen reduction reaction (ORR), because of
their importance for fuel cells and other applications.

H;— 2e” —2H*
Oz + 2H0 + 42~ — 40H™

(HOR)
(ORR)

So far, Zhou et al.™*! studied proton reduction from a 0.001 M HCIO, solution at
different substrates (Pt, Au) by feedback mode of the SECM. The HOR rate was
determined quantitatively at different substrate potentials from SECM approaches
curves. They also studied the effect of the surface oxide and anion adsorption on

[113, 114

hydrogen oxidation. Recently, Jayaraman and Hillier ] presented a screening

method that quantitatively detects protons at a surface using the SECM.

On the other hand, Fernandez et al.**¥*° employed the TG/SC mode to study the ORR
on the substrate in acidic solutions. The tip is placed close to the substrate and biased
at a potential at which water is oxidized to oxygen. The substrate potential is fixed at a
value corresponding to oxygen reduction to water. The reduction rate at the substrate
surface reflects its electrocatalytic activity.

Figure 8: SECM TG-SC
14a) I-(b) W, (W,)| images of oxygen
B.2e+3 im [ reduction activity
1.0 (0.0) .
65087 A = 208034 o § measured on binary arrays
0.9 (0.1) in 0.5 M H2S04. Tip-
substrate distance = 30
S4de-T A - 60e-d A 0.8 (0.2) um, tip current =-160 nA.
0.7 (0.3) (1) Pd-Co, scan rate: 50 um
T R each0.2s, Es=0.4 (l-a),
o 0.6 (0.4) | 0.7 (I-b) V' vs HRE; W, is
the atomic ratio of metal
0.5 (0.5) . :
3427 A T17e9 A M in the spot. (reprinted
0.4 (0.6) from reference [109])
185e7 A 27368 4 - 0.3 (0.7
0 um Oum
Opm  1.9e+3 pm Opm  1.9e+3 um
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2.3.5. Study of biological systems.[ % 5% 6% 67, 70, 121-131]

As already mentioned, UMEs have a cardinal advantage in electrochemical analysis
because their size makes it possible to conduct electrochemical measurement in
minute volumes and observe discrete spatial events in microscopically small areas.
Hence, it is not surprising that microelectrodes were first used for measurements in
living systems. SECM with electrochemical detection of metabolites can be used to
map biochemical activity, thereby complementing techniques that image only the
topography of biological specimens or biomolecules.

Two main types of SECM experiments on living cells are generation/collection
measurements and feedback-mode amperometric experiments. The former approach
involves tip positioning in the proximity of a field of immobilized cells, with a
separation distance sufficiently long for the SECM feedback to be negligible. The tip in
this case is used as a passive probe to monitor the concentration and/or fluxes of
redox species generated (or consumed) by the cells. In contrast, the tip/cell separation
distance in a feedback mode experiment is sufficiently small to observe either positive
or negative feedback from a single immobilized cell. The tip is used to oxidize (or
reduce) a redox mediator, and a cell acts as a substrate whose topography and redox
reactivity can be probed.

SECM images of living cells were obtained in a constant-height mode, where the tip is
rastered in a x-y plane above the substrate surface (an example is given fig. 9).[49' >4,132)
Using this approach, one can map the fluxes of oxygen and other redox species, image
the cell topography under either positive or negative feedback conditions, and also

map its redox reactivity.

T D

Figure 9 : Topographic images obtained using constant-current mode of SECM imaging as
presented by Kurulugama et al. of (A) an undifferentiated PC12 cell, (B) early neurite
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development and (C) a differentiated PC12 cell. In their work they also provide images using
other feedback modes, namely constant-impedance and constant-distance. (Reprinted from
reference [132]).

2.3.6. Localized modifications of substrate: microstructuration

The SECM was, since the beginning of its development in 1980’s, used for the
modification of the chemical structure of surfaces and for the realization of localized
micro-and nano-pattern on conducting and semiconductor surfaces. Various systems
and methods can be used in conjunction with SECM for fabricating small patterns on
surfaces. Most of them can be divided in two main categories based on the mode of
operation: the direct mode and the feedback mode.

In a typical direct mode experiment, the tip is held in a close proximity to the
substrate, and the voltage is applied between them to cause the desired reaction at
the substrate. In this mode, the substrate serves thus as the auxiliary electrode for the
UME. A current at the UME causes an equally but oppositely directed current at the
substrate electrode. The direct mode was used for semiconductor etching,[m] for

134, 135] (134, 136, 1371 £4p deposition of conducting

[121, 123, 141-143]

metal deposition and etching,

ponmer,[%' 1381401 £45p organic and biomolecule patterning, , and for local

modulation of chemical properties.[144' 1451

In the feedback mode the substrate is unbiased (in most cases) and a mediator that
shuttles between the UME and the surface is used. The tip-generated redox species
must be able to induce the desired reaction (i.e., deposition or etching) at the
substrate and be regenerated at its surface. Etching was performed in this manner on
Cu,[93’ 95, 146] GaAs,[93' 95] and Si.[147’ 148]

In the same way, microelectrochemically generated organic radical anions can reduce

[149-154]

the surface of fluoropolymers. The resulting surfaces show locally varying

wetting behaviour and can subsequently metalized™ or modified by another

oligomer after oxidation step.[”g]

Local material deposition could also be carried out by applying a precursor as a thin
film to a substrate and converting it by means of an electrochemically generated

oxidant or reductant into the desired microstructure.**®

For example,
polyvinylpyridine films were loaded with PdCl; and AuCl,; and converted by locally
generated [Ru(NHs)g]*" into Pd and Au microstructures.'®® Conducting polymers can be
locally formed by polymerization of the monomer. 240 157 Polyaniline has been
deposited onto different substrates by using a UME-induced pH shift in the

interelectrode space, which initiated the electropolymerization in the vicinity of the
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UME, whereas it did not occur outside this region."™*® The SECM probe can be used in
various ways to locally inject metal ions into the solution that are reduced after
diffusion to the substrate. Gold UMEs can be dissolved in the presence of complexing
agents. Gold nanoparticules, arranged in micropatterns, can be deposited on
conducting or semiconducting substrates by reduction of aureates generated at the
UME.™ At least, SECM in the feedback mode has also been exploited for

microfabrication of organic and biological structures. 2% 160, 1611

2.3.7. Hybrid techniques

Numerous hybrid techniques have evolved around SECM, including its combination
with surface plasmon resonance (SPR-SECM),““] electrochemical quartz crystal
microbalance (EC-QCM SECM),[162'164] fluorescence spectroscopy (FS-SECM),“SS]
photoelectrochemical microscopy (PEM) or near-field scanning optical microscopy
(NSOI\/I—SECM),[166] electrogenerated chemiluminescence (ECL—SECM),[167] and atomic
force microscopy (AFM—SECM),[lg’ 70, 18] the most widely used of these hybrid

techniques.
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3. CONCLUSIONS

Though the unconventional properties of ultramicroelectrodes were recognized only at
the beginning of the 1980s, the exponential growth in literature on the subject testifies
to their success. Faster double-layer charging, reduced ohmic loss, and high-mass
transport rates have allowed them to revolutionize thermodynamic, kinetic, and

7100 As shown by this brief bibliography review,

electroanalytical measurements.
scanning electrochemical microscopy has proven to be a powerful instrument for the
quantitative investigation and surface analysis of a wide range of processes that occur
at interfaces: from classical electrochemical problems, such as the investigation of the
localized corrosion and electrocatalytic reactions in fuel cells, sensor surfaces, biochips,
and microstructured analysis systems, to mass transport through synthetic
membranes, skin and tissue, as well as intercellular communication processes. It is
possible to modify substrates locally by a multitude of defined
chemical/electrochemical reactions and to test new approaches for prototyping of
micro- and nanostructured functional surfaces, for example, in biosensors and

biochips.

Numerous applications have stimulated the development of new methods and opened
up previously inaccessible fields of research to electrochemistry. The development of
UME and the combination of SECM and other techniques show much higher spatial
resolution and precision. The greatest challenge of SECM will be to routinely do
measurements with nanometer-sized electrodes, as these electrodes are much harder
to produce and use than micron-sized ones. The persistent trend to smaller electrodes
and simpler manufacturing techniques, assisted by efficient microsystems
technologies, and the improvement of lateral resolution and sensitive detection will
considerably expand the scope of applications in cell biology, surface sciences, and
micro-/nanotechnology.

As we have recalled earlier, this thesis is not a contribution to the experimental and/or
theoretical development of the SECM itself. Our objective is to demonstrate that SECM
can be used as an actual lithographic tool for local electrografting of non conducting
polymer, allowing a “free” patterning of homogeneous conducting or semiconducting
substrates which can serve as template in devices realization. However, we will track
the experimental parameters able to affect the resolution of the process on the basis
of the theoretical principles recalled herein. SECM will also be combined with AFM
technique in order to improve the resolution of the process. But, first of all, we have to
describe the electrografting process itself before exploring it in a local way. It is the
subject of the next chapter.
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CHAPTER 2

ORGANIC ELECTROGRAFTING ON CONDUCTING AND
SEMICONDUCTING SUBSTRATES

1. Introduction

The modification of the surface of materials is a very important issue since a great part
of their properties is expressed via their surfaces. In particular, organic coatings on
metals are ubiquitous today, and find applications in various fields including
biocompatibility, protection against corrosion, lubrication, soldering, wettability,
adhesion. As we will see below, many routes that we can roughly divided in
“physisorption techniques” (such as painting, spin coating, vacuum evaporation) and
“chemisorption techniques” (such as plasma polymerization, self-assembled mono-
and multilayers largely used in template chemistry, cathodic or anodic
electropolymerization) have been developed by research teams in order to synthesize
and/or functionalize organic or composite layers and also induce new properties for
materials. One major problem to be tackled is however the usually weak and short-
term adhesion between organic matter and inorganic materials.

Therefore, among the numerous methods commonly used for the formation of organic
coatings on surfaces, six can be emphasized for their industrial importance, the efforts
made by research institutions to develop them, and their ability to provide
submicrometer deposition, which is a common goal in numerous high-tech industries:

e Plasma deposition of polymers for producing highly robust polymeric coatings
has been known for 50 years.[l'S] Strong chemical linkages that are assumed to
be formed between the reactive species produced within the plasma and the
surface of the substrate lead to highly adherent films. Since the glow discharge
is a very energetic process, organic gases or vapors that are not regarded as
monomers for conventional polymerization can be used. Indeed, free radicals
are generated whatever the starting organic species, and the final deposit is
very different from a conventional polymer film prepared by a casting
technique: the plasma polymer does not contain regular repeat units, but
branched and randomly terminated chains with a high degree of cross-linking.
In some cases, free radicals remain trapped within the highly cross-linked
structure, and their subsequent recombination results in ageing of the coatings.
Plasma polymerization has been widely used for corrosion protection, scratch-
resistant coatings, and anti-adhesive applications, although deposition rates
are generally low. Moreover the implementation of this technique requires
specific chambers, which weighs down its cost.
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Spin coating is the most widely used technique for organic coatings based on
polymer solutions, for example, photosensitive resins used in lithography in the
microelectronics industry, antireflection coatings for flat-screen displays and
television tubes, and compact discs. The range of obtained thicknesses is
generally 1-200 um, but thinner films can be produced with dilute solutions and
high spinning rates. The homogeneity of the spin-coated film strongly depends
on the quality of the pristine solution and the chosen combination of solvent,
spinning rate, and atmosphere. Spin coating is ideal for temporary organic
coatings (as is the case with lithographic resins), since the organic film is only
physisorbed on the substrate. Spin coating is also widely used to prepare
inorganic coatings from sol-gel solutions.

Vapor deposition is generally used for inorganic coatings (ceramics, silicon
carbide, nitrides, metals), but can also be applied to small organic molecules,
for example, in the fabrication of organic thin-film transistors, organic light-
emitting diodes, and organic photovoltaic cells. Soft conditions (low pressure,
flash heating) are generally chosen to prevent thermal degradation of the
organics during vaporization and retain the molecular properties in the final
film. Hence, only weak interactions can be created between the molecular film
and the substrate. This technique is thus limited to organic coatings that are
not subject to mechanical or thermal constraints. Vapor-deposited films can be
locally highly crystalline, but are often prone to defects such as grain
boundaries, cracks, and disclinations.!®”!

Electrodeposition has been known for years for coating conducting surfaces
with metals. Electroplating is currently the most widely used method for
coating surfaces in the automotive, petrochemical, and aerospace industries;
propulsion, combustion, and microwave applications; printed circuit boards,
vias, and copper interconnections for electronics; and many decorative
applications. For a long time organic electrodeposition was limited to
conducting polymer coatings that were developed in the 80s together with the
fundamentals of polymer conductivity. After more than 30 years of basic
research, both on mechanisms and processability, conducting polymers are
now starting to be used industrially in light-emitting displays.

Self-assembly (SAM) is a very attractive technique for forming organic
coatings.[g’ 9 Indeed, it combines low-cost processes that are music to industrial
ears, soft conditions that prevent degradation of the coating molecules, and
spontaneous formation of true chemical linkages between the molecules and
the substrates. The substrate is put in contact with a solution containing the
molecular precursors bearing a reactive group capable of specific interactions
with the surface. So as, the surfaces of oxides, noble metals, and silicon can be
successfully functionalized provided suitable reactive molecules are used
(halogenosilanes, alkoxysilanes, organophosphonates, carboxylic acids, thiols,
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disulfides, selenols, alkenes, alkynes, etc.). Van der Waals interactions between
neighboring chemisorbed molecules generally lead to long-distance ordering in
the first monolayer. Self-assembly from solution or the gaseous state (for
smaller molecules) provides very good coverage in short times. SAM of thiols
on noble metals constitutes doubtless the prototype of self-assembled layers
because they are easy to realize. Their structure and the interfacial linkage are
perfectly characterized on a molecular scale by depositing them on single-
crystal substrates which make them clearly the method of choice for
fundamental studies on the molecule-metal bonds.°*! However, from a
technological point of view, these SAM are poorly stable because they give
weak interfacial bonds (190 kJ/mol for the Au-S bond) that can be easily broken
under harsh conditions (high temperature, oxidative or reductive potentials,
solvents, etc.). Multilayers can be obtained by sequential steps, but self-
assembly is the method of choice for molecular-thick films used under
moderate conditions and were up to now confined to prospective applications
such as molecular electronics.*>*®! SAM on oxides, which include metals and
semiconductors covered with an oxide layer, are carried out with fatty acids,
phosphonic acids and organic derivatives of silicon 1891 |n the former cases, the
initial reaction is an acid-base like reaction with the formation of a complex
between the surface metallic cation and the carboxylate (or phosphonate)
groups. In the latter case (chlorosilanes, alkoxysilanes etc), the reaction leads to
the formation of polysiloxanes, which are linked to the surface via M-O-Si

bridges, where M indicates an atom of the surface.!'”’

Lastly, among the
chemical methods of functionalization, let us quote the hydrosilylation reaction
of hydrogenated-silicon substrates by alkenes which makes it possible to carry

(18, 191 These alkyl layers are

out functionalized alkyls layers directly on silicon.
covalently bonded to the silicon surface via the high energetic Si-C bond (360
kJ/mol) and can be easily obtained by thermal (with or without catalyst) or
photochemical (UV) ways."?”!

Electrografting is a relatively new technique that allows the deposition of very
thin organic films (typically between one monolayer and 50 nm) via very strong
substrate-molecule links (fig. 1).[21] Often compared (or confused) with the
anodic electrodeposition of conducting polymers from conjugated monomers,
this grafting method is an electro-initiated process, which requires a charged
electrode only for the grafting step, but not for thickening. A typical example is
given by the electro-grafting of vinylic polymer films. The reaction mechanism
of the electrografting was in particular described by C. Bureau et al.?22% The
growth of the grafted chains proceeds by purely chemical polymerization, i.e.
independently of the polarization of the conducting surface, which gave place
to the initial grafting. Thus, the layer thickness is not controlled by the amount

of charge injected in the system, as for the electrodeposition of metals or
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conducting polymers, but fully tuned by the characteristics of the monomer
solution (type of monomer, concentration, solvent, salt, temperature and
possible side reaction).

Figure 1: Electrografted film of polymethacrynonitrile on half part of a French coin.

Reactive species like radicals can also give rise to the formation of grafted films.
They can be easily generated in ambient conditions, both in solution and in
gaseous phases. In particular, diazonium compounds, whose chemistry has
been known for long thanks to their applications in dye chemistry and
photochemistry, are prone to easily generate radicals. Their electrochemical
reduction on various conductive surfaces is a very effective means for

generating thin films containing a wide range of chemical functionalities.”®!

After this brief introduction, we will focus now on the mechanisms of the
electrografting process.

2. Electrografting of organic films on conducting and semiconducting
substrates

2.1. Cathodic electrografting of vinylic polymers

LCSI has historically been developing the cathodic electrografting of vinylic polymers
(CEVP) via an electro-induced anionic polymerization that starts from a precursor
chemically bound to the electrode.”®® Strong efforts were devoted in past years both
to the theoretical interpretation of the mechanism and towards practical applications

(2224, 27831 |f the mechanism was highly debated 22,441 it is now well

of the process.
established. 1** 3> ** Reader may report to Palacin’s review for a detailed overview of
the experimental facts from which the mechanism was established.””™ This method

45, 481 " surface chemistry for

found applications in many fields such as lubrication
biological purposes®?”, heavy metal depollution!*®, detection of toxic agents with

grafted molecularly imprinted polymers, selective capture and electro-induced release
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of metallic ions!*? , composites nanotubes fabrications.*”! This technical approach was
rewarded in 2001 by the creation of Alchimer spin-off company, which applies the

process in the microelectronics fields.

In this CEVP process, electro-active organic species, such as vinylic monomers
containing an electro-attractive group, can be reduced (fig. 2a, example of the
electrografting of methacrylonitrile (MAN)). Their electro-reduction results in the
formation of radical ions that may undergo chemical reactions either with species in
solution or with the electrode surface (fig. 2a). The latter route is the key step
explaining the formation of grafted films. The resulting organic films are generally
insulating, highly adherent, and optically transparent. The formation of this strong
interfacial bond is a key point for the properties of the final interfaces, which can then
be further processed by classical methods of organic chemistry. For example, the
electrografted polymethacrylonitrile films can be used for direct immobilization of
proteins through spontaneous reactions between the nitrile groups from the film and

[27]

the amino groups from the amino-acids of the protein.'””’ The final protein film is

stable towards aqueous rinsing and can be used for protein-substrate recognition.
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Figure 2: Principle of the electrografting of (a) vinylic monomers (MAN) and (b) aryl
diazonium derivatives.

It is not the purpose of the present work to give detailed description of that process,
however, some main characteristics of CEVP should be reminded here, before

switching to more recent processes:

CEVP only applies in dry organic solvents on a few vinylic monomers, able to be
electroreduced: acrylates, acrylonitrile, vinylpyridine exhibit a reduction peak
around -2.5 V vs Ag/AgCl.
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CEVP produces truly grafted polymer films. Indeed, the carbon-to-metal bond was
evidenced by XPS."*! (fig. 3)
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Figure 3: X-ray photoelectron spectra of C 1s levels of a nickel surface obtained by
electrochemical polarization of 2-butenenitrile in acetonitrile. (from reference 41).

CEVP also produces large amounts of non-grafted polymer chains, mainly arising
from radical-anions that did not graft on the electrode, or grafted and were
released before reaction with another monomer. As the grafted anion can
reasonably be considered as a metastable moiety, the polymerization from the
substrate can be seen as a stabilization process for the grafted species, since the
negative charge is driven away for the charged cathode during propagation. The
non-grafted chains can be easily washed away from the substrate with a suitable
solvent.

The propagation step is independent from the applied tension; hence the final
thickness of the grafted film only depends on the experimental conditions:
concentration, solvent, temperature... CEVP is then an electro-induced process, not
an electro-driven one as the anodic polymerization of conducting polymers

Thanks to the local generation of active and short-living species, CEVP can be
localized provided the cathode-substrate exhibits areas of different work functions,

as for composite surfaces (fig. 4a)™* or locally doped semiconductors (fig. 4b).>
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Figure 4: (a) optical microscopy pictures of bare gold pattern on silicon (left) and grafted gold
pattern (right) after electro-grafting of pMAN at -3.0 V vs. Ag’/Ag (from reference 33); (b)
localized electrografting obtained on locally doped silicon: coating on poorly doped areas is
thicker than on highly doped areas, as evidenced by local XPS analysis. (from reference 34).

vi. CEVP is a quite fast process when compared to other grafting-from processes such
(48]

as surface-induced ATRP, for example.
The above list clearly emphasizes the ability of CEVP to produce truly grafted polymer
films onto any conducting substrate. However, CEVP suffers from several drawbacks
which obviously limit its practical use, particularly in industrial conditions:

i. Due to its anionic mechanism, CEVP requires strictly anhydrous conditions.

ii. The applied potential is highly cathodic, which might be detrimental for substituted
monomers bearing fragile groups.

iii. The thickness and the coverage ratio of the final polymer film cannot be tuned
separately.

For those reasons, CEVP cannot be considered for real applications, unless very
specific. There is thus a clear need for an alternative method which could provide
similar grafted polymer films in less demanding conditions. As shown below, this was
made possible by changing from a direct and purely anionic mechanism to an indirect
and radical one.
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2.2. Electrografting of polyphenylene coatings from diazonium salts

The CEVP mechanism, detailed above, relies on radical ions as reactive species that
start both the grafting (radical) and the polymerization (anion) processes. However,
many polymerization processes currently used in practical applications are based on
purely radicalar mechanisms. Indeed, radicals are often used because they can be
easily generated in ambient conditions, both in solution and in gaseous phases. Aryl
diazonium derivatives (AD), well known thanks to their applications in dye and photo-
chemistry, are prone to easily generate radicals. The functionalization of surfaces by
electrochemical reduction of aryldiazoniums was discovered by Pinson and al. in 1992.
The success of the method, now widely used, is due to the fact that the reaction makes
it possible to covalently attach aryls groups on carbon, most of the metals,

.5 The mechanism

semiconductors, as well as on conducting oxides and stainless stee
of electrografting from AD derivatives is highly similar to the cathodic electrografting
of vinylic polymers, although the reduced species is neutral. Both aqueous and
nonaqueous solutions of diazonium salts undergo a one electron irreversible reduction
that generates aryl radical species near the interface. A monolayer may be obtained
through a precise control of the charge flow,"! but the process generally gives
polyphenylene-like coatings via direct reactions between the grafted species and
radicals generated in excess at the electrode (fig. 2b). It must be noted that the
formation of the polyphenylene-like moiety may also be prevented by using sterically

hindered® or clivable precursors.[51]

Mechanisms of the diazonium salts electrografting has been widely described in the

1.5233] and Pinson et al.*%® A depicted in figure

literature specially by Bélanger et a
2b, the binding of aryl groups to the substrate occurs in two steps: (1) the formation of
a phenyl radical by the electrochemical reduction of the diazonium function then (2)
the formation of a covalent bond between the surface atoms and the aryl radical.
Under usual conditions (high concentrations, i.e. >1 mM,**®? and long deposition
times at excessive negative potentials[sg' 63]), the generation of aryl radicals may
continue and lead to the formation of multilayer films by reaction of those extra

61 But, as described by Pinson

radicals with molecules already bonded to the surface.
et aI.,[55’ >8l those extra radicals could also react in solution to give diazenes (Ar-N=N-

Ar) which eventually precipitate to form a physisorbed layer.

In most of the published data, the characterization of the resulting films is exclusively
based on ex-situ observations.® 636! Accordingly, those studies may suffer from a lack
of accuracy, regarding the film adhesion properties or film thickness, two properties
which definitely govern technical applications of these organic layers. Therefore,
experiments were undertaken in order to investigate the multilayer formation of
polyphenylene films by coupling, in situ, electrochemistry and AFM analysis. We will
report to the annex of this chapter to find the detailed experimental procedure. By
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combining AFM and XPS characterizations, we were be able to investigate not only the

threshold conditions necessary for the polyphenylene grafting on the substrate but
also, to define the chemical changes in the organic films under the AFM tip shear.®®
Nano-friction experiments appears thus as a very interesting tool for the

comprehension of the adhesion in the interface (substrate/first grafted layer). It must

[67-69]

be mentioned that, in SPM-based nanolithography, “nano-friction process”, or

“nanoshaving” was already mainly used to pattern self-assembled monolayers, as

originally demonstrated by Liu et al." The process was more recently applied to thin

72 [72] Nanoshaving is actually part of many scanning-probe

d.[”®

polymer films Ior biofilms.

lithography methods that were recently reviewe

Since low-roughness substrates are required for AFM analyses, we choose to
thoroughly study the electroreduction of the 4-nitrobenzenediazonium
tetrafluoroborate (NBD) on n-type silicon with its native oxide. To our knowledge,
most of the works undertaken on the grafting of diazonium salts on silicon substrates
were carried out on Si-H terminated substrates.*® 7*®! But we have already shown
that the native silicon dioxide layer does not prevent electrografting process. For
example, successful electrografting of vinylic polymers on native silicon dioxide has

d.®* In fact, the native oxide layer is thin enough (less than 2 nm

been already reporte
thick as measured by XPS) to allow electron tunneling from the underlying silicon to
the electrolytic solution. Since the native silicon dioxide layer does not prevent
electrografting process and the substrates are much more easily produced and
manipulated than Si-H ones, we concentrate our study on silicon with its native oxide

layer.

Figure 5a gives the voltamperogram recorded when reducing NBD on n-type silicon
together with the evolution of the measured thickness of the resulting poly-
nitrophenylene films grafted after one voltamperometric scan as a function of the
applied potential. This result is consistent with our expectation that the film thickness
increases with the absolute value of the applied potential. Indeed, the more negative
the applied potential, the higher the amount of electro-generated radicals, and the
thicker the final grafted film. Actually, when the applied potential becomes more
cathodic, the amount of aryl radicals resulting from the electroreduction of the
diazonium salts increases, which promotes the growth of a thick multilayer film by
coupling between the generated radicals and the already grafted phenyl rings. We
should highlight that, as shown in figure 5b, the thickness of the film increases ca.
exponentially with respect to the applied potential.
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Figure 5: (a) Cyclic voltamperogram in the cathodic range recorded with a sweep rate of
10 mV s for the electrolytic solution (nitrophenyl diazonium tetrafluoroborate 5 107
mol.dm?/DMF/TEAP 8.10° mol.dm?) on n-type silicon substrate with its native oxide; (b)
Applied potential dependence of the polyphenylene thickness growth on silicon substrates:
red scatter: experimental data, black dotted line: exponential fit data. (from reference 64).

As shown on figure 5, the thickness of the polyphenylene-like grafted layer becomes
detectable once the applied potential reaches ca. -0.7 V/Ag. That threshold value of
the applied potential for which an electrografted film on silicon surfaces can be
detected was confirmed by XPS analysis. To remove most of the physisorbed species,
samples were successively washed with water and ethanol and then dried under
nitrogen before XPS analyses. A survey spectrum and high-resolution spectra regions
were recorded for each electrografted sample. Figure 6 gives the N 1s core-level XPS
spectrum for polynitrophenylene films electrografted on Si/SiO, at -0,7 V/Ag (fig. 6a)
and -0.6 V/Ag (fig. 6b). Two peaks located at about 400,6 eV and 406.4 eV are clearly
observed on figure 6a and assigned according to literature.’®” #! The 400 ev peak is
attributed to the presence of the mixture of azo (—N=N—)[84] and amino (NH,) groups,
whereas the 406 eV peak is due to the presence of the nitro (NO;) group. Almost no
signal is detected on figure 6b, meaning that the potential required for electrografting
polynitrophenylene films on Si/SiO, in our experimental conditions has to be more
negative than -0.6 V/Ag.
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Figure 6: N 1s core level spectra of polyphenylene films grafted on n-type silicon substrates at a
potential of (a) -0.7 V/Ag and (b) -0.6 V//Ag. Acquisition conditions: X-ray source= 150 W, and
pass energy= 20 eV.

Another key parameter of the mechanism of the electrografting from diazonium salts
was derived from the mechanical analysis of the grafted polyphenylene-like film.[6®!
After electrografting, the homogeneous polyphenylene films can be patterned, in situ,
using AFM friction mode. We observed that applied normal forces in the 1.2 £ 0.2 nN
range were not sufficient to remove any matter in a homogeneous way. Thereby,
normal forces were progressively increased with approximately 1 nN step until the
rubbed area of 5x5 um? was smooth and homogeneous. For all the studied applied
potential, the depth, homogeneity and smoothness of the rubbed area were found
constant for normal forces ranging from 11.2 + 0.2 nN to 15.2 + 0.2 nN. Therefore, a
13.2 nN normal force was selected and applied in all our nano-friction experiments,
which were performed at 0.5 Hz scan rate with a scanning density of 512 lines/frame.
The topography of the rubbed zones is shown in figure 7. According to previous XPS
analysis, AFM images show that nano-friction under a 13.2 nN normal force is efficient
only when the applied potential during electrografting was more cathodic than -0.6
V/Ag. In that case a square structure can be observed by contact mode AFM.
Moreover, the amount of rubbed matter increases regularly with the value of the
applied final potential.
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(a) (c)

i

Figure 7: AFM topography images of structured polyphenylene films with a 13.2 nN normal
force. Films grafted under (a) -0.7 V/Ag (b) -0.8 V/Ag (c) -0.9 V/Ag and (d) -1 V//Ag. Contact
mode, image area= 5x5 um?>.

The results described above rise the crucial question: under the friction effect of the
AFM tip, is the polyphenylene film completely or partially removed?

As no qualitative or quantitative information about friction effects on polyphenylene
films can be found in the literature, we used XPS mapping analysis on damaged areas
to investigate the efficiency of mechanical rubbing. As the 5x5 pm?” rubbed areas used
for the AFM analysis are in the lower limit of detection of our XPS mapping technique,
we specifically used 50x50 um? zones for the XPS mapping analysis (fig. 8a), and the
polyphenylene films were electrografted with an applied potential of -1 V/Ag in order
to get the maximum contrast between rubbed and non-rubbed zones. Samples were
analyzed before and after sonication in ethanol so as to observe a possible presence of
debris.

As depicted in figure 8b, one can easily distinguish the rubbed zone on combined
elemental maps of carbon, nitrogen and silicon. Schratched squares corresponds to
decrease in concentration of C and N atoms , whereas the signal of the Si substrate
appears. The results shown in figure 8 undoubtedly prove that the AFM tip acted as a
“shaver” on electrografted polyphenylene films, partially or completely removing
polyphenylene chains from the Si/SiO, surface. Once again, XPS observations are in
good agreement with AFM topographical analysis which shows a thinner film in the
rubbed zones due to the mechanical damage. Complementary XPS analysis with a
smaller spot size (27 um) have been carried out “in” and “out” of the damaged zones
shown on figure 8, in order to locally analyse the chemical composition of the sample.
Figure 8c shows XPS spectra recorded “in” and “out” of the rubbed polyphenylene
film. Figure 8c brings two conclusions: (i) the intensity of the nitro and the azo peaks in
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the N1s region undoubtedly decreases from the "out" to the "in" zone, which confirms
the AFM analysis and the efficiency of the friction-induced rubbing: polyphenylene
chains are actually "shaved" and removed from the interface upon the tip action. (ii)
The "in" zone exhibits non-zero intensity for the nitro and azo peaks in the N1s region,
which clearly indicates that the rubbing did not remove all the polyphenylene matter
from the Si/SiO, surface. Besides, it should be noted that no changes in the “in” and
“out” zones were observed by XPS upon sonication in ethanol during 10 minutes.
Consequently, we deduce that (i) the initial washing with water and ethanol was
sufficient to remove all physisorbed moieties (ii) the XPS signal observed in the "in"
zone does not arise from ungrafted fragments generated during friction, but more

likely from segments of polynitrophenylene chains which remains bonded to the
Si/SiO, surface.
3, N

W

Figure 8: (a): AFM image of the area rubbed with the AFM tip in the PNP grafted multilayer;
(b): Elemental map of N, C, and Si (respectively red, green and blue) obtained by XPS mapping
analysis on rubbed polyphenylene films; (c) N 1s and C 1s core level spectra of rubbed (red) and
non-rubbed (green) areas on the PNP grafted multilayer. (from reference 64).

The latter assumption may be supported by a detailed analysis of the different bonds
that can be observed in our electrografted polyphenylene multilayers (table 1). Indeed,
the first layer issued from the electroreduction of diazonium salts is supposed to be
covalently grafted to the surface, which is here native silicon dioxide. Thus, it is likely
the covalent grafting relies on Si-C and/or Si-O-C bonds, while the bonds involved in
(85,86 oyr study indicates that the
overall energy of the interfacial bonds (mainly Si-C and/or Si-O-C bonds at the Si/SiO, —

the multilayer formation are either C-N or C-C bonds.

polyphenylene interface) is stronger than the energy responsible for the cohesion of
the multilayer structure (scheme 1). Indeed, our AFM and XPS analysis show that
bonds at the interface (first layer/surface) resist to the mechanical stresses imposed by
the tip, whereas under the same conditions bonds in the multi-layer do not. We
assume that result arises both from slight differences in energy between the
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corresponding bonds, but also from a higher number of bonds at the interface than
within the multilayer structure.

Chemical | Energy >
bond (KJ/mol) | ¢
(]
C-N 305 g
2
C-C 347 @
S
C-O0 358 °
@
C-S1 360 @
O
N= 418 =
S1-0 452
Table 1: Energies of the different Scheme 1: sketch of the plausible
bonds that can be observed in the shaving process in the multi-layer.

electrografted film on Si/SiO,
substrate. (from references 83
and 84).

Moreover, the thickness of the residual film can then be estimated using the standard
overlayer model, which, for a take off angle of 90°, is given by:

1 —-d
—= eXP(T)
I,

Where “lI” is the intensity of Si 2p peaks from a non grafted silicon substrate, “I” is the
Si 2p peaks intensity from the polynitrophenylene rubbed zone, “A” is the electron
attenuation length for Si peaks and “d” the layer thickness.

To obtain the film thickness from this formula, Si 2p peaks intensity was deduced from
figure 9 depicting the core level spectra of rubbed “in” area of electrografted substrate
at -1 V/Ag and non grafted Si/SiO, surface.
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Figure 9: Si 2p core level spectra of
250 3 the rubbed area on a

Bare silicon Si/SiO,/polyphenylene substrate
electrografted at a potential of -1
V/Ag (dashed line) and a bare
Si/SiO, substrate (solid line).

Acquisition conditions: X-ray

Inside the pattern

source= 225 W, high resolution
FoV2 (27 x 27 um?), and pass
energy=40eV.
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The electron attenuation length for Si was obtained from Henry de Villeneuve et al.l’8

where the “A” value was equal to 4£0.5 nm. Thus the residual film in our rubbed zone
was estimated at 0.6£0.07 nm, which is pretty close to the 0.7£0.08 nm thickness given
by Allongue for an electrografted phenyl monolayer.ml

This study is thus the first attempt at deciphering the mechanical properties of grafted
polyphenylene films arising from the electroreduction of aryldiazonium salts. AFM
allowed us to selectively shave the grafted film and local XPS analysis confirmed that
few-monolayer-thick polyphenylene-like film remains grafted even after strong
mechanical stress within the rubbed areas. The grafted film thus behaves as a bilayer,
with a strongly adherent first layer, covalently linked to the substrate and closely
packed, and a multilayer-like overlayer weakly adherent to the former one which
behaves as a poorly reticulated polymer. The latter layer is expected to arise from
"extra" radicals generated in large excess at strongly cathodic potentials while the
substrate is already coated with the former layer, which is probably formed very
quickly from the first generated radicals at the reduction peak (as indicated by the fast
decrease of the recorded intensity after the first cycle in cyclic voltamperometry). The
mechanical analysis of the grafted film thus confirms the polyphenylene-like structure
of the grafted film and emphasizes that its cross-linking probably decreases from the
substrate-film interface to the outer surface.

That assumption was recently confirmed by comparison between electrografted
polyphenylene-like films and thiol-based self-assembled monolayers (SAM) both

7} |ndeed, sonication and refluxing in acetonitrile

derived from nitrobenzene moieties.
or ethanol both remove more material from the electrografted poly-nitrophenylene
(PNP) film relative to the 4-nitrobenzenethiol SAM. But the SAM was totally displaced
by exchange reaction with octadecanethiol, while more than 25% of the pristine

grafted PNP film remained on the substrate after the same treatment. That study
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confirms that electrografted polyphenylene-like films are mainly a dense, yet
disordered multilayer film that likely contains some strongly physisorbed material.

Let us now emphasize one peculiar characteristic of the electroreduction of diazonium
salts. Unlike the cathodic electroreduction of vinylic monomers, or the electro-
oxidation of conjugated moieties such as aniline, thiophene or pyrrole derivatives, the
active species generated at the electrode are not charged ones. They are thus able to
evolve depending only on their own stability and the local conditions (concentration,
solvent, temperature...) that may influence their fate, whatever the applied electric
field at the electrode-electrolyte interface. That can be evidenced by our attempts to
localize the electrografting of polyphenylene-like films from the reduction of
diazonium salts in a SECM environment. We could expect the aryl radicals formed at
the cathode under the SECM micro-electrode to eventually graft locally before any
diffusion in the surrounding areas. That hypothesis proved wrong as shown on figure
10: at moderate cathodic potential, it is not possible to observe any localized grafting,
since the aryl radicals appear to be sufficiently long-lived to reach areas out of the
zone facing the SECM micro-electrode.

Figure 10: Optical microscopy image of
0 ‘ the localization attempt: no localized
g+ effect is observed. 100 um-Pt UME at a
fixed tip-substrate distance of 20 um;
NBD 5 10° mol.dm™, TEAP 0,25
mol.dm?, in dimethylformamide; cyclic
voltammetry 0 V->-0,4 V//Ag wire, scan
rate 20 mV's™.

500um

However, as we will see in the chapter 3, localized electrografting of diazonium salts
under the SECM tool could actually be observed when specific potential conditions for
both substrate and microelectrode are reached. So as, the electroreduction of
diazonium salts can nevertheless be considered as a "radical-generator" for processes
occurring in solution.

45



3. Indirect cathodic electrografting of vinylic polymers: the SEEP process

As recently reviewed, diazonium salts are very good radical sources for many radical
processes including radical polymerization.[s& 81 It was thus interesting to investigate
using electroreduced diazonium salts as precursors for radical polymerization, and the
behaviour of the resulting oligomers towards the electrode surface. Our lab
demonstrated recently the successful cathodic polymerization of vinylic monomers on
metal substrates by using electro-induced initiatiors, such as aryldiazonium salts.[0 91
The process, that was called Surface Electroinitiated Emulsion Polymerisation (SEEP),
proved efficient in agueous conditions both for water-soluble vinylic monomers and
for lipophilic monomers in emulsion conditions. The grafting process can be split in

three steps:

(i) the first one is purely electrochemical and leads both to a first grafted layer of
almost pure polyphenylene (PP) film and the formation of radicals initiating the vinylic
radical polymerization. The cathodic current flow produces aryl radicals from the aryl
diazonium salt in the vicinity of the cathode (fig. 11, reaction 1), which immediately
graft onto the electrode surface (fig. 11, reaction 2). The excess of phenyl radicals can
either contribute to the thickening of the grafted layer (fig. 11, reaction 3) or initiate
the vinylic radical polymerization (fig.11, reactions 4).

(i) the second one is purely chemical: it is the vinylic radical polymerization (fig. 11,
reactions 5) which occurs either in solution for soluble monomers, or within droplets
stabilized by the surfactant for non-soluble ones.

(iii) at the end of the propagation reaction, macroradicals react with the previously
grafted polyphenylene layer to form the final grafted copolymer-like film (fig. 11,

reaction 6).
Reaction 1: N?O NO, + @ 'C\_/ NO,  Figure 11: Proposed
mechanism for the
= electrografting process
Reaction 2 : grmbé_N o, on conducting surfaces
E \_7 from a mixture of
aryldiazonium salts (for
example, nitrobenzene
Reaction 3 : diazonium salt) and

NO o .
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In the context of this work, we applied the SEEP process to both water-soluble vinylic
monomer (acrylic acid - AA, hydroxyethylmethymethacrylate - HEMA) and non soluble
monomers (butylmethacrylate — BuMA) with different diazonium salts (nitrobenzene
diazoniumtetrafluoroborate — NBD, bromobenzene diazonium - BrB). We used
aqueous solution for soluble monomers, or organic solvent (dimethylformamide —
DMF) for non soluble ones. In this last case, we prefer indeed to use organic solvent
instead of droplets stabilized by the surfactant because it is experimentally too difficult
to ensure a sufficiently efficient emulsion in the very small volume of the
electrochemical cell (500 pl).

The capabilities of the SEEP process is reported below for an acrylic acid - nitrobenzene
diazoniumtetrafluoroborate (NBD) mixture. By applying cyclic voltamperometry to a
gold substrate in a classical three-electrode electrochemical cell configuration (with Ag
and Pt wires as the reference and counter electrodes, respectively), a grafted
copolymer-like film (polynitrophenylene-polyacrylic acid or PNP-PA) is obtained (see
annex 2 for a detailed experimental procedure). The voltamperometric curves (fig. 12)
are characteristic of an electrode passivation resulting from its progressive coating by a
polymer film.
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Figure 12: cyclic voltammetry of gold sheet electrografted by PNP-PA; grafting solution
NBD 2 10° mol.dm>, AA 2 mol.dm’, H,50, 0.25 mol.dm?, scan rate 20 mV s™.

The IRRAS spectrum recorded on the grafted film (fig. 13) shows the characteristic acid
group of polyacrylic acid (PAA) at 1727 cm™ (stretching vibration of C=0 group) and the
NO, bands of the expected polynitrophenylene-like film (PNP) at 1524 and 1350 cm™
attributed to the stretching vibration of this group.
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Figure 13: IRAS spectrum of PNP-PA film obtained by cyclic voltamperometry, final
potential: -0.7 V/Ag wire; NBD 2 10 mol.dm?, AA 2 mol.dm?, H,S0, 0.25 mol.dm™.
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The XPS analysis confirms also the presence of both polymers (fig. 14). Indeed, the C 1s
peak shows the PNP with the peak around 284.5 eV attributed to the carbon double
bond of phenyl groups and the PAA with the peak centred near 289 eV, assigned to
acid groups (-COOH). In the N 1s region, one distinguishes a peak centred at 406 eV
characteristic of the NO, groups. The second peak around 399 eV can be assigned to
reduced nitrogen (NH,) with its corresponding protonated form NH;" (shoulder near
402 eV). The contribution around 400.2 eV is attributed to azo groups (-N=N-) coming
either from incomplete electroreduction of the diazonium group[84] or from a direct
copulation reaction between the diazonium salt and any grafted aromatic ring in PNP.
On the O 1s region, we detect two peaks corresponding to the contribution of the
carboxylic group of PAA and one peak related to the nitro group of PNP. It must be
noted that more than 95% of the O 1s signal comes from the sum of the contributions
of the carboxylic and nitro groups.
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282
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Figure 14: XPS spectra of the core levels C 1s, N 1s, and O 1s of the electrografted PNP-PAA
film on gold substrate obtained by cyclic voltamperometry; insert: results of peak
decomposition. Final potential: -0.7 V//Ag wire; NBD 2 10 mol.dm?, AA 2 mol.dm?, H,50,0.25

mol.dm’,

In order to optimize the quality of the grafted coating (i.e., conformity, homogeneity,
thickness), several electrochemical protocols were tested: cyclic voltamperometry,
chronoamperometry, chronopotentiometry. In all cases, the final grafted coating
should be considered as a bilayered "PNP-PA" copolymer, with a primer layer almost
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entirely formed by the PNP and a top-layer, which thickness depends on the
experimental protocol, based on vinylic polymer chains connected to PNP and likely
reticulated by aryl groups. Moreover, Teissier et al.®" established that, for the SEEP
process under emulsion, the thickness of the coating increases when the proton
reduction regime is reached on the substrate. In our experimental conditions, we also
observed this behavior. As checked by XPS (fig. 15) and infrared analysis (fig. 16), the

thickness of the grafted coating increases with the final potential.
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Figure 15: XPS spectra of the core levels Au 4f, C 1s, N 1s, and O 1s of the electrografted PNP-
PAA film on gold substrate obtained by cyclic voltamperometry as a function of the final
potential. NBD 2 102 mol.dm?, AA 2 mol.dm?, H,50, 0.25 mol.dm™.
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Esia = -0.3V/Ag wire, B, = -0.5V/Ag wire, E;, _, = -0.7V/Ag wire, E;, ., = -1.0V/Ag wire
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Figure 16: IRAS spectra of the electrografted PNP-PAA film on gold substrate obtained by cyclic
voltamperometry as a function of the final potential. NBD 2 10”° mol.dm™, AA 2 mol.dm,
H,$0, 0.25 mol.dm”,

Hence, our results clearly evidence that, in the conditions of our reactions, enough
radicals are produced to allow that indirect initiation and the eventual termination of
the vinylic macro-radicals. SEEP may then be considered as an improvement of CEVP
since similar grafted coatings are obtained with no need for anhydrous conditions and
highly cathodic potentials. The key point of that improvement was to shift from a
direct anionic induction to an indirect radical one. In other words, the key player here
is the diazonium salt, which outstanding properties make that shift possible.

As depicted by the mechanism, grafting of the primer layer is electro-initiated and thus
should be sensitive to the current lines which are orthogonal to the ohmic
isopotentials. On the contrary, growing of the polymer film is radical-type and is
therefore poorly influenced by the electric field. However, we can expect that the
radical species involved in the growth of the polymer film are actually sensitive to the
diffusional field resulting in changes of concentration in the vicinity of the electrodes.
Moreover, as checked in our experimental conditions, the reduction of protons plays a
crucial role for the growth of the polymer. Therefore, as all ionic species present in the
electrolytic solution, the protons should also be sensitive to the current lines and then
participate to the localized effect. In other words, all these phenomena would
contribute to localize the grafting. It is the aim of the next chapter.
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Annex 1: Experimental procedure for nano-friction experiments

4-nitrobenzenediazonium tetrafluoroborate 97% (molecular formula: CgHsNsO, BF4)
and tetraethylammonium perchlorate (TEAP - purity > 99.0% - molecular formula:
(CoHs)aN(CIO4)) were purchased from Sigma-Aldrich and used as received. The
electrolytic medium was made of a freshly solution of the diazonium salt (5.107 mol.I
!) dissolved in N,N-dimethylformamide (DMF - Fluka, purity 99.8%). The supporting
electrolyte was the tetraethylammonium perchlorate (8.10 mol.I""). Substrates were
(2 x 2) cm? slices of n-type Si(100) one-side-polished silicon wafers (supplied by ACM -
France) with native silicon oxide on top. A continuous gold layer (180 nm thick) on a
chromium underlayer (15 nm thick) was evaporated on the back of the Si/SiO,
substrate to ensure an ohmic contact. Before use, the silicon wafers were
systematically washed and sonicated for 15 minutes successively in water, acetone and
ethanol, and then dried under a stream of nitrogen before their use as working
electrodes during electrografting. For the results relevance we used silicon slices cut
from the same wafer for all the electrochemical graftings. Besides, the concentration
of the electrolytic solution was maintained constant to preserve a constant open
circuit potential. The fluid cell defined the active area in the electrochemical reaction
(33.9 mm?) of the Si/SiO, working electrode.

Electrochemical experiments and the in situ analysis were performed with a Molecular
Imaging PicoSPMLe commercial AFM microscope (PicoScan 2100 controller - Scientec,
France) equipped with a home-modified fluid cell containing the electrolytic solution.
The AFM is mounted on a floating table to achieve vibration isolation during
investigations and characterizations. Electrografting was carried out using cyclic
voltamperometry (Bipotentiostat-BiolLogic Science Instruments controlled by a
computer with the software EC-LAB v9.30) with a standard three electrodes
arrangement. Silver and platinum wires were used as the reference and the counter
electrode, respectively. All potentials reported herein are with respect to the reference
electrode. Solutions for electrochemistry were not degassed prior to use, and all
measurements were made at room temperature. All cyclic voltamperograms were
recorded with a scan rate of 10 mVs™.

Patterning (friction mode) and topographical characterization (contact mode) of
polynitrophenylene films were consecutively performed directly in the electrolytic
solution using the same silicon tip. The thickness of structured polynitrophenylene
films was determined using the AFM contact mode. AFM images were recorded using
the retrace signal. The scan rate was in the range 0.1-0.25 Hz with a scanning density
of 512 lines/frame and 0 V deflection set point. Each scan was duplicated to ensure
that any features observed were reproducible.
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X-Ray photoelectron spectroscopy (Kratos Axis Ultra DLD) analysis and mapping were
performed with a high-resolution monochromatic Al(Ka) X-ray source (1486.6 eV). The
photoemission angle was always normal to the surface. During XPS investigations, a
survey spectrum (0-1200 eV) and core-level spectra of O 1s (526 — 538 eV), N 1s (396 —
410 eV), C 1s (280 — 290 eV), Si 2p (94 -106 eV) regions were systematically recorded.
XPS images were recorded with a high resolution field of view (FoV 2, 400x400 um?)
and local analyses were performed with a small spot size (27x27 um?). Moreover,
guantitative XPS analyses have been performed so as to determine the thickness of a
possible residual film in the rubbed zone.
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Annex 2: Experimental procedure for the electrografted SEEP process

The electrografting experiments were carried out in a one-compartment teflon cell
with a standard three-electrode arrangement with the substrate as the working
electrode, a counter-electrode (Pt foil or Pt wire) and a reference electrode (Ag wire,
its potential is 0,22 V/NHE). The working electrodes were Pyrex glass plates coated
with 2 nm of chromium and 100 nm of gold (99.99 %) by vacuum evaporation. All
electrografting experiments were performed by controlling the applied potential with
a potentiostat (BiolLogic Science Instruments) controlled by a computer with the
software EC-LAB v9.30. The electrolytic medium was made of commercial acrylic acid
(Aldrich) in acidic aqueous solution (H,S04 0.25 mol. I'*, analytical grade) in presence of
4-nitrobenzenediazonium tetrafluoroborate (Aldrich, 2 x 10 mol. I'). The electro-
initiated polymerization technique consists in applying cyclic voltamperometric or
chronoamperometric or chronopotentiometric modes to the solution.

The grafting of diazonium salts on metallic or semiconducting substrates takes place
only beyond a threshold polarization potential. The reduction of diazonium salt in
acidic aqueous solution takes place beyond -0.1 V vs. the Ag’/Ag reference electrode,
for metallic substrates and 0.2 V vs. the Ag'/Ag reference for semiconductive
substrate. For solution in DMF the threshold potential is beyond -0.8 V vs. the Ag'/Ag
reference, for semiconductive n-type substratres. The grafted molecule has a
characteristic spectroscopic feature which can be used as a probe to trace the growth
of the grafted layer on the surface. The organic grafted coating was then studied with
different analytical techniques:

e Optical microscopy (Leica DMLM with CDD camera Leica DFC 320)

e Atomic Force Microscopy (Molecular Imaging PicoLe AFM microscope, Scientec,
France) in contact or tapping. AFM Images were analyzed with the WSxM
software.”?

e X-Ray photoelectron spectroscopy (Kratos Axis Ultra DLD, Al Ka monochromatic
source)

¢ Infrared spectroscopy in the reflection-absorption mode (Bruker IFS66 coupled
with a HYPERIONTM 3000 microscope and Bruker VERTEX 70 spectrometer
with a mono reflection ATR Pike-MiracleTM device)
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CHAPTER 3

LOCALIZED ELECTROGRAFTING: A STRATEGY TO TAILORING THE
REACTION AND PATTERNING POLYMER FILMS ON CONDUCTIVE
SURFACES

1. Introduction

Modified surfaces containing spatially defined functionalities are a desirable goal for
numerous applications. Recent years have seen considerable progress in the
development of microfabricated systems for use in the chemical and biological
sciences. Existing approaches typically expose macroscopic areas of a substrate to
milliliter quantities of solution to attach one type of molecule, sometimes using light
and specialized chemistry to carry out localized reactions.™ Thus, localized
addressing can be obtained under electronic or photochemical radiation,”® by using

] by two-dimensional electrophoretic

micro-robotic pipetting of microdroplets,[9
technique,™

summarized in table 1 require multiple step processes and their implementation is

with printing technique by microcontact.™ ! Most of these techniques

usually tedious and expensive. Due to the requirement of a continuous scaling down,
technologies and systems should be miniaturised to close the recent gap between
micro- and nanotechnology. Therefore, microsystems have to be continuously
developed.

Description limiting drawback
resolution
Lighting lithography The surface modification is linewidths on
realized in a patterned fashion the order of
across a surface covered with a 10 nm

film selectively removed or
directly troughs beam focalization

Photolithography Optical lithography, is a process lum Defocus,
used in microfabrication to aberration of
selectively remove parts of a thin the lens

film or the bulk of a substrate. It
uses light to transfer a geometric
pattern from a photo mask to a
light-sensitive chemical photo
resist, or simply "resist," on the

substrate.
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Immersion lithography

Laser beam lithography

X-ray lithography

Electrons beam (E-beam)
lithography

Focused ion beam (FIB)
lithography

Soft lithography

Microcontact printing

It is a photolithography resolution ~ 45nm
enhancement technique that

replaces the usual air gap between

the final lens and the wafer

surface with a liquid medium that

has a refractive index greater than

one. 7

It is a technique using a focused 100nm
laser beam to locally induce
surface modification, by thermal

effect or by matter eva poration.llg]

Photolithographic process using X-  30nm
rays and special concepted mask,
to irradiated with a wave length

. . 19
under-micrometric. (el

E-beam lithography consists of 10nm
shooting a narrow, concentrated

beam of electrons onto a resist

coated substrate. Electrons can

induce the deposition of

substances onto a surface

(additive), or etch away at the

surface (subtractive). (20]

Processes for removing material 10nm
include direct ion milling, chemical

etching with a reactive gas,

reactive ion etching, ion

implantation with post chemical

etch, deposition (simultaneous FIB

and gas jet), FIB induced

nucleation, and ion resist

lithogra phy.m]

It is a technique able to replicating  <50nm
structures without any kind of
beam

.An elastomeric stamp is used to 10nm
directly print molecules charged

ink on a variety of different

substrates. The layer can be used

as a mask to pattern the

underlying films. (22)

Bubbles,
temperature
and pressure
variations in
the immersion
fluid

Redeposition,
substrate
attack

X-ray mask
distortion

Proximity
effect:
electrons
backscattering,
vacuum

Vacuum

Mask
positioning
and
deformation
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Magnetolithography It is based on applying a magnetic ~ 30nm Multistep
field on the substrate using process
paramagnetic metal masks named
"magnetic mask".’*!

Nanoimprint lithography  The technique uses compression Metal effective
molding to create a thickness patterns with  template
contrast pattern in a thin resist a feature size cleaning,
film carried on a substrate, of 25nm and a bubble defects
followed by anisotropic etchingto  period of 70
transfer the pattern through the nm
entire resist thickness. ¥

Dip Pen Nanolithography Itis a scanning probe technique <100 nm Planarity

where an atomic force microscopy
tip is used to transfer molecules to

a surface via a solvent meniscus.
[25]

In this context, the objective of our work is to develop a cheap and mask-free
local (Scanning ElectroChemical

Microscopy, SECM and Electrochemical Atomic Force Microscopy, AFM-SECM and

technique by combining probes techniques

electrografting processes in view of tuning locally chemical and physical surface

properties on initially homogeneous substrates. The general idea is to spatially

confine, under the micro-electrode, the grafting of a primer adhesive layer to
micrometer or sub-micrometer-scale domains.

Following earlier works devoted to localized electrografting under CEVP conditions,[zs’

27l \we demonstrated that the electrografting of polyphenylene-like films may be

localized on semiconducting substrates either using light to promote the grafting onto

(28]

enlightened areas (fig. 1), or taking advantage of existing differences in effective

work functions when using composite substrates as often found in real

microelectronics devices (fig. 2).% 3

Figure 1: (a) optical image of the cross stainless-
steel mask used for the photo-electrografting
process; (b) optical image of the photo-
electrografted coating on Si-p substrate after
electrochemical process: chronoamperometry:
15s at -0.85 V/MSE (from ref. 28).

61




Figure 2: AFM picture in contact mode of
the pattern (a, c) and AFM topographical
profile (b, d) of (left) the pristine
topographical profile of the implanted
pattern (where the level of doped areas is 7
nm lower than for undoped areas, because
of the chemical treatments after
implantation); (right) the same pattern
after the electrografting of NBD: Doped
areas are now 15 nm in relief with respect

to undoped areas (from ref. 29-30 ).

These results emphasize the ability of electro-induced processes to be strongly
dependent on local conditions since the generation of the active species, either
charged as in CEVP or neutral as for the reduction of diazonium salts, actually occurs at
the electrode surface. We thus decided to study the potentialities of a local
conducting probe to induce, electrochemically, a non conducting organic grafting by
applying the SEEP process. As depicted by the SEEP mechanism (see chapter 2, section
3), grafting of the primer layer is electro-initiated and thus should be sensitive to the
current lines which are orthogonal to the ohmic isopotentials. On the contrary,
growing of the polymer film is radical-type and is therefore likely to be poorly
influenced by the electric field. However, we can expect that the radical species
involved in the growth of the polymer film are actually sensitive to the diffusional field
resulting in changes of concentration in the vicinity of the electrodes. Moreover, it is
established that the reduction of protons plays a crucial role for the growth of the
polymer.m] The combination of these phenomena would contribute to localize the
grafting. Therefore, by using a micro-electrode (UME), we can expect to localize all the
electrochemical phenomena involved in the whole process.

The major aims of the present work will thus be: (i) to validate the localized
electrografting concept; (ii) to elaborate electrochemical protocols able to improve the
localization process; (iii) to assess the ultimate resolution that can be achieved by the
method; (iv) to evaluate the possibility to scale up this process by using multi-
microelectrodes. The process could thus be considered as a "third way" between
micro-/nano-electronics (print, primary coating...) on one hand, and self-assembly on
the other hand.
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2. Localized electrografting with SECM

As mentioned above, our objective is to use SECM as a lithographic tool which could
offer an alternative manufacturing process to the currently used lithographic methods
primarily based on self-assembly monolayer technology.

Most of the methods used in conjunction with SECM for fabricating small patterns on
surfaces can be divided into two main categories based on the mode of operation: the
direct mode and the feedback mode. In the direct mode, the substrate serves usually
as the auxiliary electrode, while in the feedback mode the substrate is unbiased and a
mediator that shuttles between the UME and the substrate is used. More versatile,
the feedback mode was widely used to fabricate microstructures. Surface
modifications by the direct mode have been more rarely evoked and except for the

electrodeposition of ten-micron large domains of conducting polymers such as
(32]

polypyrrole,””~ and the deposition of metal starting from the corresponding salt by
local reduction,'®¥ it generally consists in the electrochemical transformation of
SAMs. B

The SECM experiments were performed on a SECM370 unit (Uniscan Instruments) in a
one-compartment Teflon cell. The electrografting process was carried out with a
standard three-electrode arrangement. The working electrodes were Pyrex glass plates
coated with 2 nm of chromium and 100 nm of gold (99.99 %) by vacuum evaporation.
The reference electrode was a pseudo-reference Ag wire (0= 1 mm) and the UMEs
acted as counter-electrode in the electrical circuit. The Pt microdisk electrodes were
prepared according to the literature (see annex 1 for a brief description of the UMEs’
fabrication). The tip was moved by a horizontal and vertical translation stage driven by
an electric micro-step engine. Potential and current were imposed or measured by a
potentiostat/galvanostat system integrated to the SECM370 workstation. The z-
approach curves (fig.3) and the X-Y planarity of the sample were realized by setting the
microelectrode potential on the reduction plateau of [Fe(CN)g]* (5 x 10 mol. dm™, KCl
0.1 mol. dm™). The current as a function of time is recorded upon approaching the
surface and translated later into a current-distance curve using the SECM calibration
curves for insulating and conducting substrates and the approach speed.[35’ 31 In the
negative feedback as in the positive feedback, the magnitude of the variation of the
current fits the theoretical treatment.
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Figure 3: (a) optical microscopy image of the 100um-Pt UME (RG = 4.9), (b) steady-state
current at the 100 um-Pt UME, (c) experimental vs. theoretical approach curves for a
conducting substrate (red), and an insulating substrate (blue).

After the alignment process, the ferrocyanide solution was pumped off and, after
rinsing the cell with ultra-pure water, replaced with the electrolytic solution. The
electrolytic medium was made of commercial acrylic acid (Aldrich) in acidic aqueous
solution (H,SO; 0.25 mol. dm?, analytical grade) in presence of 4-
nitrobenzenediazonium tetrafluoroborate (Aldrich, 2 x 10 mol. dm™). Acrylic acid was
chosen for its hydro-solubility. All reagents were used as received.

The  electro-initiated polymerization  technique  consists in applying
chronoamperometric or chronopotentiometric techniques. The SECM tool was used
either in static mode to make dots (scheme 1a) or in dynamic mode to draw lines
(scheme 1b). All the samples were sonicated in ethanol and water before analyses to
remove any un-grafted matter.
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T Scheme 1: schematic principle of the
| localized electrografting in the static
' f mode (a) and dynamic mode (b).
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2.1 Localized electrografting with SECM: Proof of concept

As seen in the chapter 2, the first attempts to localize the electrografting of the
diazonium salts were unsuccessful. If the potential applied to the substrate was limited
to the range of the diazonium reduction peak (0 < Eye < -0.4V/Ag wire), only a
homogeneous grafting was observed. However, the localization appears for more
cathodic applied potentials, i.e. reaching the reduction regime of protons. Below are
shown the very first localized grafting obtained by applying chronoamperometric
technique (continuous or pulse technique) and by setting the potential to -0.7V vs. Ag
wire (fig. 4).

(a) outer sphere (b} (c)
. — Ty ch e
3 %". . - & '- -"-
sy AJeT A 1
oy - ‘ ; 3 el
> iF}:E ;
L inner sphere 100 UM 100 um

Figure 4: Optical microscopy images of the localized electrografted polymer pattern obtained
with (a) 25 um-Pt UME, (b) 50 um-Pt UME, (c) 100 um-Pt UME, at a tip-substrate distance
closed to 20 um. NBD 2 10 mol.dm?, AA 0.7 mol. dm?, H,50, 0.25 mol.dm™; coating obtained
by pulse chronoamperomety (E...=-0.7V/Ag wire, t polarization = 0.1s, t relaxation =0.01s, 4
pulses).

On the optical pictures, we observe clearly a disc pattern which mimics the UME tip.
We distinguish an inner and an outer disc whose diameters are approximately two
times and three times, respectively, the size of the UME tip. However, for the smallest
UME tip, the outer disc diameter increases drastically compared to the tip diameter.

Infrared measurement performed on the disc pattern reveals unambiguously the
presence of a localized electrografted organic coating film on the surface, with the
usual IR features of polynitrophenylene (1530 and 1350 cm™ corresponding to the NO,
and 1600 cm™ related to the phenyl group) and polyacrylic acid (1730 cm™
characteristic of the carbonyl group).
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Figure 5: Infrared spectrum in IRRAS mode recorded on the grafted pattern after sonicated
rinse.

In the same way, XPS mapping (400 um x 400 um) as a function of the core level (Au 4f,
N 1s, O 1s, C 1s) performed on the pattern obtained with the 100 um UME tip, exhibits
the localization of the organic layer. More precisely, on figure 6a, we observe that the
polynitrophenylene coating is the major component of the trace and that the
polyacrylic acid film is preferentially concentrated around the external perimeter of
the inner sphere. The Au 4f core level attenuation signal (fig. 6b) confirms also
unambiguously the formation of a thicker organic coating in front of the
microelectrode surrounded by the glass coating. It is also interesting to observe that
outside the pattern, the NO, contribution (406 eV) disappears completely (fig. 6¢c). This
result indicates most probably that outside the pattern, the nitro group is reduced into
amine group under our electrochemical conditions. Inside the pattern, the NO, groups
seem partially protected by the polymer film.
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Figure 6: (a) XPS mapping (FoV 2, 400 um x 400 um, high resolution) of C 1s, N 1s, Audf
core levels; (b) comparison of the intensities of the Au 4f and N 1s core levels spectra
recorded on the pattern (black) and outside the pattern (blue).
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The SECM tool was also used in a dynamic mode where the 50 um-Pt UME tip was
moved over 2.2 mm at a fixed distance above the substrate (d = 20um) at a scan rate
of 50 um s™. The sample was continuously polarized at -0.7V vs. Ag wire during the
scan. The line trace (fig. 7) exhibits a 80 um large inner trace and a 110um large outer
trace.

100 pm

S e S W W

Figure 7: Optical microscopy image of the localized electrografted polymer line pattern drawn
with the 50um-Pt UME at a fixed tip-substrate distance (20 um) and at a scan rate of 50 um s™.
NBD 2 10 mol.dm™, AA 0.7 mol. dm?, H,S0, 0.25 mol.dm™; coating obtained by continuous
chronoamperomety at -0.7V vs. Ag wire.

When compared to the static mode, it seems that the dynamic one makes it possible
to appreciably reduce the dimensions of the grafted pattern (for a given UME
diameter), in particular for the outer trace. This phenomenon is probably related to
the flux profile of the solution in connection with the rate at which the probe is moved.
It is also very interesting to note that whatever the working distance from the
substrate surface, the shape of the trace does not vary significantly (fig. 8). This means
that this parameter is not so critical, which is very encouraging in view to transfer the
technique to the AFM-SECM for which the working distance is a more difficult

TEIET]

’d/a 4.0 ” d/a 2.4 ‘d/a 1.6 | d/a 1.2 ” d/a=0.8 H d/a=0.4 ‘

parameter to control.

Figure 8: optical microscopy images of localized graftings obtained at different working
distance (d, working distance; a tip’s radius) with (a) the 100 um-Pt UME, (b) the 25um-Pt
UME. Chronoamperometry (E,.=-0.7V/Ag wire, 2s, tip’s rate: 50um5'1).

More precisely, on figure 9, we observe that the normalized width of the grafted dots
(diameter of the dot divided by the diameter of the tip— L/2a) varies very slowly with
the normalized working distance (d/a). It is well known that at small distances, the
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area of the sample that provides the electrochemical activity corresponds to that of
the tip, and, therefore, the microelectrodes characteristics of the tip are transferred to
the fraction of the sample situated in front of microdisck. B71 When d increases, the
area is slightly enlarged because of the diffusion occurring parallel to the surface.

®  dots, UME 25um

® dots, UME 100pym
scatter : experimental data
lines: 2™ order polynomial fit

L/2a
w
1

Figure 9: Evolution of the normalized width L/2a of the localized
dots as a function of the normalized working distance d/a
obtained for both 25um-Pt UME (black) and 100 um-Pt UME
(red) respectively.
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2.2 Localized electrografting with SECM: Study of the influence of the experimental
parameters

Previous studies in our lab undertaken on the SEEP process have demonstrated that
the optimized concentration of aryl diazonium salt in the electrolytic medium for
starting the process is close to 2 10 mol.dm™. We thus took this data as a constant
and we made the choice to study the influence of other parameters such as acrylic acid
concentration, nature of the solvent (aqueous or organic), electrochemical conditions
(chronoamperometry, chronopotentiometry, rate of scanning) on the performances
(lateral resolution and thickness of the coating) of the localized grafting. We have also
seen previously that localized grafting occurs only when the applied potential to the
substrate is cathodic enough. But what means “cathodic enough”? Figure 10 shows the
evolution of the potential experienced by the working electrode when an increasing
current intensity is imposed to the substrate for the 25 um-Pt UME and the 100 pm-Pt
UME respectively at a normalized working distance equal to 0.6.

Figure 10: curves reconstructed from

00 L - . . the recorded E,,. during
051 il ) chronopotentiomety experiments
a0 w2 3 * P . . .
] i with different imposed current
1,5 o1 :
’ ¥
20] = | i ’i values: 25um-Pt UME (black),
z %) *4 ! iR ;. 100um-Pt UME (red); d/a=0.6, t=5s.
30 4 ! ®
€ 5] ' ! 4 Dashed line: start of the proton
] 5 . s
40] S A 4 . reduction regime
B T8 s8G9 Insert: optical microscopy images of
5.0 7 n . . .
55 .T o - the localized grafting as a function
-6,0 . ————— of the imposed current for the 100

T T — T T
-075 -070 -065 -060 -055 -050 -045 -040 -035 -030
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e

As shown by the insert of the figure 10, the localized grafting is detected only when
the applied current is high enough in absolute value (> -0.5 mA). In these conditions,
the potential experienced by the substrate corresponds to a cathodic potential able to
induce the reduction of protons (dashed line on fig. 10). We observe that the size of
the grafted pattern does not change with the intensity of the current. However, its
thickness increases with the applied current and, for the highest current range, the
homogeneity of the localized coating seems affected (fig. 11a). For d/a<1, the
thickness of the coating increases linearly with the current range (fig. 11b). The graphs
in figure 11 show also that the thickness of the coating increases when the working
distance decreases. We will come back to this point in the next paragraph.
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Figure 11a: Thickness of the dots as a Figure 11b: Linear relationship between the
function of the current range for thickness of the coating and the current
different working distances (d/a). 100 range for d/a<1; 100 um-Pt UME, NBD 2
um-Pt UME, NBD 2 10° mol.dm™, AA 0.7 10° mol.dm™, AA 0.7 mol. dm™, H,S0, 0.25
mol. dm™, H,50,0.25 mol.dm”, mol.dm?, chronopotentiometry, t=5 s
chronopotentiometry, t=5 s Scatter: experimental data, line: linear fit.
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Figure 12: (a) comparison between the current intensities recorded during
chronopotentiometry experiments (Ewe=-0.7V/Ag wire) for 25 um-Pt (blue), 50 um-Pt (green)
and 100 um-Pt (red) UMEs ; (b) Linear relationship between the recorded current and the
radius of the microelectrode (black) or the area of the microelectrode (red).

Therefore, for the chronopotentiometry experiments, we choose a current in the
range of -2 mA for which (i) the protons reduction regime is actually reached for all the
considered UME, (ii) the grafted coating is homogeneous, and (iii) thick enough to be
easily detected. We also point out that the average current flowing through the cell is
directly proportional to the radius of the microelectrode and not to its area (fig. 12b).
It is also interesting to note that when the reduction of the protons occurs on the
substrate, the potential of the UME counter-electrode increases exponentially to very
high values where electrolysis of water occurs (fig. 13) when the UME is placed close to

the surface.
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Figure 13: curves reconstructed from the recorded E . and E.. during chronopotentiomety
experiments with different applied current values: 25 um-Pt UME, d/a=0.6, t=5 s.
NBD 2 10 mol.dm™, AA 0.7 mol. dm?, H,50, 0.25 mol.dm”.

The crucial role played by the reduction of protons on the localization of the
electrografting SEEP process can be evidenced by reproducing the same kind of
experiments in aprotic organic solvent (dimethylformamide, DMF) with a non protic
monomer (Butylmethacrylate, BUMA). Figure 14 shows an optical microscopy image of
a typical spot pattern. Each spot shows inner circular centers and outer rings.

Figure 14: (a) optical microscopy image of dot pattern imprinted on gold substrate with a
50um-Pt UME, (b) zoom of the “Liesegang ring” like pattern.
[BuMAJ:0.7 mol. dm™, DNB:2 10 mol.dm>, Et,NBF,: 0.2 mol.dm™, DMF, d/a=0.8, t=>5s.
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P1: E,.=-0.2V/Ag wire, P2: E,.=-0.8V/Ag wire, P3:E,.=-1.2V/Ag wire.

Since we used a 50 um-Pt UME for patterning, the inner centers correspond to the
surface area of the substrate directly below the platinum microelectrode, where the
produced aryl radicals have the highest concentration close to the gold substrate
because of the short diffusion distance. The outer rings were about 100-300 um in
diameter and presumably result from a concentration gradient of reactional
intermediates. The obtained rings resemble “Liesegang rings",[ag] which are formed in
reaction-diffusion systems. It must be also noted that in these experimental
conditions, a non homogeneous passivation coating is formed on the entire substrate
surface as detected by SECM imaging. All these results suggest strongly that in aprotic
medium, life time of radical species is increased and thus diffusion processes control
the lateral growth of the coating. Moreover, if we add protic species (diluted sulfuric
acid) to DMF medium, a poor localization effect appears as detected by optical
microscopy and SECM images (fig. 15). It seems thus obvious that the presence of
protons in the electrolytic solution is a necessary condition for driving the localization
effect. As a consequence of this observed behavior, all the following experiments will
be then undertaken in aqueous solution.
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Figure 15 : (a) optical microscopy images of dot and line grafted on gold substrate with a
100um-Pt UME, (b) SECM imaging of the line pattern recorded with Fe** redox mediator (see
annex for a detailed procedure).

[AA]:0.7 mol. dm™, DNB:2 10° mol.dm™, H,50,:0.25 mol.dm™, DMF, d/a=0,4, Ewe=-0.8V/Ag
wire; static mode: t=5s; dynamic mode: v=10um/s.

Since the size and the shape of the pattern formed determine the usefulness of this
technique in micro-modification surface, various experiments were conducted to
examine the factors that affect those parameters.
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2.2.1: Influence of the acrylic acid concentration

First of all, we optimized the range of acrylic acid concentration in the electrolytic
medium in view to obtain a well localized, defined and reproducible pattern on the
substrate. We applied chronopotentiometric technique by setting the current range of
the working electrode to -2 mA. As shown on figure 16, in those conditions, the
potential experienced by the substrate is, whatever the acrylic acid concentration,
more negative than -0.65V vs. Ag wire and thus susceptible to give localized grafting. It
was found that a wide range of acrylic acid concentration (0.5 mol.dm? < [AA] < 7
mol.dm™) can be used in view of well resolved localized electrografting (fig. 17 b, c, d,
e). Qutside this range, the pattern is blurred (fig. 17 a, f). Inside this range, the size of
the pattern is roughly constant whatever the acid acrylic concentration (fig. 17 b, c, d,
e). To ensure an easy and rapid characterization of the drawn pattern, most of the
following experiments were carried out with acrylic acid concentration of 2 mol.dm?.

Figure 16: Chronopotentiometry

14 e recorded for different acrylic acid
S A concentration.
10-£ — AA=20M

NBD 2 10”° mol.dm™, H,50,0.25
mol.dm?, [AA] see legend graph;
1=-2mA, d/a=0.4, 100 um-Pt UME.
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Figure 17: optical microscopy images of the localized electrografted patterns obtained
with the 100 um-Pt UME in dynamic mode on the gold surface as a function of the
acrylic acid concentration: (a) 0.2M, (b) 0.5M, (c) 0.7M, (d) 2M, (e) 7M, (f) 8M. (NBD 2
10° mol.dm?, H,50, 0.25 mol.dm™); coating obtained by chronopotentiometry (I: -
2mA), d/a=0.4; scan rate = 50 um/s.
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2.2.2: Influence of electrolysis duration

An important factor in the size of the deposited feature is the time that the biased
UME is held close to the surface. Chronopotentiometry technique (-2mA imposed to
the substrate) was chosen to follow the growing of the polymer coating as a function
of time. Experiments were carried out with the 25-um Pt UME in order to obtain
localized grafting the size evolution of which can be easily followed by AFM analysis. A
working distance equal to 10 um was maintained during all the experiment. After
synthesis, samples were rinsed carefully before forthcoming analyses. AFM images
were recorded in contact mode and gathered on figure 18.

26 pm

Figure 18: Evolution of the growth of the localized dot as a function of electrolysis

time by AFM analysis in contact mode: (a) topographic images, (b) iso-counter plots,

(c) AFM image in friction mode, (d) topographic images for t>5s.

[AA]:2.0 mol. dm™, DNB:2 10° mol.dm™, H,50,:0.25 mol.dm™, I=-2 mA, 25 um-Pt, d =

10 um. 74



As we can observe on the AFM images (fig. 18), localized coating grows like disk from

the center to the border. From the profile AFM images analysis (fig. 19), we can extract
the thickness and the width of the coating.
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Fig. 19: AFM dots profiles as a function of time: (a) 1-4s; (b)4-5s, (c) 5 -10s.
[AA]:2.0 mol. dm?, DNB:2 10° mol.dm™, H,50,:0.25 mol.dm™, 1=-2 mA, 25 um-Pt, d = 10um.

If we plot these data as a function of time, we obverse clearly two different time
regimes (fig. 20):
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Figure 20: Evolution of the width (red)

60 and the thickness (blue) of the dots
150 pattern as a function of time;

scatter: experimental data, line: fit data.
25 um-Pt UME, d = 10 um, I=-2 mA,
[AA]:2.0 mol. dm™, DNB:2 107 mol.dm?,
H,50,:0.25 mol.dm”.
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(i) fort<5 s, the coating spreads regularly as a function of time until it reaches a

certain radius value (around 60 um). In the same time, its thickness
increases linearly with time.

(ii) for t > 5 s, the disk pattern changes both in width and in thickness. Both

parameters grow slowly following a second order polynomial fit. It must be
noted that in the same time, cracks appear on the top of the coating, and
crack amplitude increases with time (fig. 18d and 19b). This behavior can
certainly be explained by two main reasons: (a) parasite reactions induced
by the highly reactive and/or aggressive chemical environment under the
UME (see chapter 4 for the mechanism description) able to ablate the
growing film; (b) the high current imposed on a small area of surface, able
to knock off the grafting as it happens for capacitors when their dielectric
material breaks.
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It must be noted that if we change the experimental conditions (for example, cathodic
current or cathodic potential applied to the substrate), the general behavior of the
dots pattern as a function of time is preserved but the time scale is shifted. In other
words, cracks in the coating appear for shorter time for higher applied constraints (fig.
21). On the other hand, cracks occur after a longer time if the applied constraints are
softer. We have also noted that applying pulsed constraints allow to reduce cracks
defects. We will discuss the plausible origin of this fact in the 4" chapter devoted to
the description of the mechanism.

(@) (b)

Figure 21: optical microscopy images of the localized electrografted dots obtained with the
100 um-Pt UME on the gold surface by chronoamperometry technique: (a) | imposed = -2 mA, t
=3s;(b) limposed =-5mA, t=3s.

[AA]:2.0 mol. dm™, DNB:2 10” mol.dm™, H,50,:0.25 mol.dm~d/a=0.4.

So as, in most of the following experiments, the duration of the electrolysis was chosen
short enough to prevent the formation of the cracks.

2.2.3: Influence of the working distance and the scan rate

Let’s now examine factors that affect the size and shape of the patterns. In order to
study the influence of the working distance and the scan rate of the tip, we applied the
chronopotentiometric method (I=-2mA, t=5 s) both in the static and dynamic modes.
For a given UME, we carried out, on the same sample, a set of experiments including,
at a fixed working distance, dots and lines drawn for different scan rates. We repeated
this set of experiments for different working distances. We applied this protocol for
the three studied UMEs: 25 um-Pt, 50 um-Pt, and 100 um-Pt. On figure 22, we report
an example of experiments realized with the 25 um-Pt UME, for different working
distances and different scan rates.
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V=12.5um/s
V=25um/s

V=37.5um/s v V=37.5um/s

V=25um/s

V=25pm/s V=12.5um/s

V=37.5um/s V=37.5um/s

V=100pm/s V=50pum/s dfa=0.8 dfa=1.0

Figure 22: example of set of experiments with a 25 um-Pt UME on gold substrate
[AA]:2.0 mol. dm™, DNB:2 10° mol.dm?, H,50,:0.25 mol.dm™, chronopotentiometry: I=-2 mA,
=5 s for dots and t=30s for lines.

2.2.3.1: Influence of the working distance in static mode

The shape of the dots pattern is poorly dependent on the working distance. More
precisely, the average width of the dots, is almost constant for a given UME whatever
the working distance in the studied range (0.2<d/a<2) (table 2).

Radius of the UME Width of the dot L/2a
(a, um) (L, um)
12.5 60+10 2.4+0.4
25 100+10 2.0+0.2
50 150+10 1.5+0.1

Table 2: average width of the dots pattern as a function of the radius of the UME.

A linear dependence between the pattern diameter and the distance would be
anticipated as originally discussed by Bard et al.®” Indeed, in a pure feedback mode
with a redox mediator present in solution, a conical concentration profile is expected
between the UME and the surface. This profile can be interpreted in terms of the
shape of the UME and the diffusion field; i.e., the relatively large insulator around the
electrodes provides a cylindrical volume between the UME and the surface. Inside this
cylindrical volume a conical concentration profile of the electroactive species is
established by diffusion. The truncated cone volume is expected to reach a steady
state in which the fluxes of redox species towards and from the UME are equal. The

diameter of the bigger base of the truncated cone (which is on the surface) is
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proportional to the distance between the surface and the UME. In our case, it is

obviously not the case meaning that our process is not mainly governed by the

diffusion profile.

However, experiments performed with different electrodes, ranging from 25-100 um

diameter, result in dots patterns which dimensions are proportional to the electrode

diameter (fig. 23). Thus, smaller electrodes yield smaller dots. Or in other words,

bigger dots patterns are obtained when a bigger electrode is applied for the same time

and the same electrode-surface distance. If electrodes down to sub-micronic diameter

could be fabricated, much smaller patterns should, in principle, be produced.
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Figure 23: average normalized width of the dots as a function of
the diameter of the UME.

The reactional domain seems to be delimited by two encased cylinders:

(i)

an inner one (red line on scheme 2) whose diameter is mainly controlled by the
spatial extension of the current lines between the working and the counter
electrodes. These current lines respect the same distribution as those of the
electric field that would exist between the two electrodes in a perfect dielectric
medium and through which the electroactive species are created and/or
transported. A schematic view is proposed on scheme 2. The poor dependence
of the width of the dots pattern as a function of the working distance may
certainly be explained by the predominant influence of these current lines
compared to the diffusion field. All the results suggest that the current lines
"sprinkle" an activated surface on the substrate quasi equivalent whatever the
considered working distance (0.2<d/a<2).
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(i) an outer one (blue dashed line on scheme 2) whose diameter depends on
insulating materials and which can be view as a confined container for the
species created inside or as a wall for outside species that could diffuse inside.

Scheme 2: schematic representation of the electric field map for the three considered UMEs 25-
um, 50-um, 100-um with their own geometrical characteristics, respectively.

We propose to roughly estimate the spatial extension length of the active species from
the expression: (L-2a)/2, where L is the measured width of the dot and a, the radius of
the microelectrode. The obtained values are reported on table 3 and figure 24, for two
different values of the AA concentration.

Width of the Spatial Width of the Spatial
Radius of the dot (L, um) extension dot (L, um) extension
UME (a, um) [AA]=0.7 length (um) [AA]=2 length (um)
mol.dm™ [L-2a]/2 mol.dm™ [L-2a]/2
2.5 13+5 4+2.5
5.0 62+10 2645
12.5 103+10 39+5 60+10 17.5+5
25 100+10 25+5
50 187+10 43+5 150+10 2545

Table 3: estimated length of the spatial extension of the electroactive species for

dots obtained with two acrylic acid concentration: chronopotentiometry (I=-

2mA), t=5s.
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Figure 24: Spatial extension length of
the electroactive species as a function
of the radius of the

microelectrode;scatter: experimental

data, line: exponential decay fit
[AA] = 0.7 mol. dm™ (black), [AA] = 2
mol. dm? (red).

diffusion length jpm

We observe that increasing the acrylic acid concentration allows to slightly reduce the
width of the pattern. This suggests that acrylic acid monomer can be considered as a
scavenger for the aryl radicals. The higher the acrylic acid concentration, the lower the
lifetime of the aryl radicals. At same time, a higher concentration of monomers slightly
increases the resistivity in the electrochemical solution involving most probably a
tightening of the current lines under the microelectrode.

As already mentioned above, the thickness of the grafted pattern is sensitive to the
working distance. This is clearly evidenced on figure 25 for 100 um-Pt UME. A
decreasing linear relationship is observed for d/a<1, whatever the applied current
range. For higher working distances, the thickness of the coating tends to a constant
value.

Figure 25: Thickness of the dots as a function
of the normalized working distance for

160

different current range. Scatter: experimental

140

data, line: linear fit.

[AA]:0.7 mol. dm™, DNB:2 10° mol.dm™
H,S0,4:0.25 mol.dm™, 100 um-Pt UME,
chronopotentiometry, t=5 s.
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More interesting is the graph obtained by reporting the thickness of the coating as a
function of the absolute value of the working distance, for all studied UMEs. We
observe then that all the data follow roughly an exponential decay for d>10um (fig.
26). ). For the very short working distance (d=5um), the low value of the coating
thickness is probably due to the steric effect of the microelectrode (high RG value, see
graph) which partly prevents the entering diffusion of the active species. When the
working distance increases, diffusion of active molecules is favored but at the same
time, as the reactional volume increases, the electrogenerated species in the gap
substrate / UME are more diluted. We can thus expect that the yield of the reactions
decreases. From the graph of figure 26, the best compromise seems to be found for a
working distance around 10-20um. For working distance higher than 30-40 um, the
thickness of the coating is quasi stable and independent on the distance.

m 25pum-Pt
400 ® 50um-Pt
A 100pm-Pt

350+

300

2504

200+

150

Thickness (nm)

100

50

Figure 26: Thickness of the localized dots as a function of the absolute working
distance. Scatter: experimental data, dash lines: exponential decay fit for each
UMIE, solid line: exponential decay fit for all the UME for d>10um.

[AA]:2.0 mol. dm”, DNB:2 10° mol.dm?, H,50,:0.25 mol.dm>, I=-2 mA, t=5 s.

2.2.3.2: Influence of the scan rate

Previous data concerned the static mode where the UME is used like a mold so that
the electrode shape is reproduced on surface. In this configuration, the processing
experimental parameters are only the intensity of the current and the time of
electrolysis. However, if we want to lithograph a micro pattern on a substrate, it is
necessary to work in the dynamic mode. A new factor has to be taken into account:
the scan rate. Indeed, the electrode displacement introduces a convective effect which
should influence the width and the thickness of the lines.

For the three tested UMEs, the width follows an exponential decay as a function of the
scan rate as shown in figure 27a. The same behavior is observed whatever the working
distance in the range of d where the localization is usually observed (fig. 27b). This
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phenomenon is probably related to the flux convection profile of the solution in
connection with the rate at which the probe is moved.?® The dynamic mode allows
thus a noticeable reduction in the dimensions of the grafted pattern. We can note
that, for a given working distance, the minimal width is achieved when the ratio scan
rate / tip radius is equal to 2 and does not change anymore for higher speed. On the
other hand, for a given scan rate, the width decreases linearly with the working
distance (fig. 27c).

Figure 27b: Width of the line
(L/2a) as a function of the scan

3,05

rate for different working
distances (see graph); scatter:
experimental data; line: first
order exponential decay fit.
[AA]:2.0 mol. dm™, DNB:2 10°
mol.dm?, H,50,:0.25 mol.dm?,
I=-2 mA, 100-um Pt UME.
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Figure 27c: Width of the line

v=10umis (L/2a) as a function of the
v=25um/s . 3 .
v=50um/s working distance for different

v=100pm/s
=1 SO:jm/s scan rates (see graph); scatter:

v=200um/s
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experimental data; line: linear
fit. [AA]:2.0 mol. dm™, DNB:2
10” mol.dm?, H,50,:0.25
mol.dm™, I=-2 mA, 100-um Pt
UME.
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The thickness of the coating as a function of the scan rate can be fitted with an
exponential decay fit for all the considered UMEs (fig. 28) while, for a given working
distance, the thickness decreases with the scan rate (fig. 29).
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Figure 28: Thickness of the
coating as a function of the
scan rate for different
working distance (see
graph): (a) 25-um Pt; (b) 50-
um Pt, (c) 100-um Pt.
scatter: experimental data;
line; first order exponential
decay fit.

[AA]:2.0 mol. dm™, DNB:2
10”° mol.dm?, H,50,:0.25
mol.dm?, I1=-2 mA
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Figure 29: Thickness of the
coating as a function of the
working distance for
different scan rate (see
graph): (a) 25-um Pt; (b) 50-
um Pt, (c) 100-um Pt.
[AA]:2.0 mol. dm”, DNB:2
10”° mol.dm?, H,50,:0.25
mol.dm?, I1=-2 mA
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From these graphs, we observe that (see table 4):
(i) as expected, the characteristics of the coatings tend to those of the static
mode when the tip is moved very slowly.

(i)  the width and the thickness of the coating depend on the time spent over
one point. Shorter time (high speed) leads to narrower and thinner
patterns.

(iii)  the influence of the working distance on the thickness of the coating is only
noticeable for the slowest displacement (fig. 29). When the ratio scan rate /
tip radius exceeds 2, the thickness of the coating remains more or less
constant whatever the working distance and its value is around 20-30 nm
whatever the tip.

UME 25-um Pt
v(ums?) 0 12.5 25 50
d (um) 10 10 10 10
d/a 0.8 0.8 0.8 0.8
v/a - 1 2 4
L/2a 2.4+0.2 2.4+0.2 2.4+0.2 2.0+0.2
Thickness 167+20 142+20 80+10 37+8
(nm)
UME 50-um Pt
v(pms?) 0 10 50 100
d (um) 10 10 10 10
d/a 0.4 0.4 0.4 0.4
v/a - 0.4 2 4
L/2a 2.0+0.2 2.1+0.2 1.8+0.2 1.6+0.2
Thickness  340+20 390420  30+8 2248
(nm)
UME 100-um Pt
v(pms?) 0 10 100 200
d (um) 20 20 20 20
d/a 0.4 0.4 0.4 0.4
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v/a - 0.2 2 4
L/2a 1.5+¢0.3 1.840.2 1.3+0.2 1.240.2

Thickness  88+10  80+10 18+8 11+8
(nm)

Table 4: Characteristics of the localized coating obtained in the static mode (v=0) compared to
the dynamic mode for the three tested UMEs.
[AA]:2.0 mol. dm?, DNB: 2 10° mol.dm?, H,50,:0.25 mol.dm?, 1=-2 mA.

It must be highlighted that working in dynamic mode allows grafting a more
homogeneous coating than in static mode. This phenomenon is probably to relate to
the relative predominance of the different modes of transportation of the reactive
species, i.e. migration diffusion, convection, into and from the reactive container,
respectively. In other words, the displacement of the electrochemical reactive species
is synchronized with the electrode displacement improving so the localization in term
of homogeneity and selectivity.

Working in dynamic mode leads to reduce not only the width but also the thickness of
the coating. So a compromise has to be found as a function of the wanted applications.
If we need a thick, homogeneous localized coating, it will be preferable to work at slow
scan rate while we will privilege the higher scan rate for obtaining thin homogenous
grafting.

2.2.4: Influence of RG parameter

The last parameter that we have not yet taken into account is the RG factor
(glass’radius / electrode radius). In order to study its influence on the characteristics of
the localized pattern, 50-um Pt UMEs with two very different RG values (3 and 15
respectively) were prepared and characterized as usually (fig. 30). Localized
experiments were performed in static mode by chronopotentiometry.
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Figure 30: Optical images of the 50-um Pt UMES (a): RG=3.2, (b) RG=15;
(c) Comparison between theoretical and experimental approach curves
for different RG values in positive feedback mode.

Resulting plots were analyzed by profilometry to determine width and thickness.
Results are reported in the following graphs (fig. 31). Both electrodes present a
common general behavior However, as we can see on the fig. 31a, a large RG allows to
graft narrower patterns for the same working distance. A smaller insulating sheath will
cause a larger diffusion range of the reactive species created at the UME. In other
words, the insulator limits the spherical diffusion of the electroactive species and
consequently leads to the formation of smaller patterns. In the same way, the
thickness decreases with the working distance. If reducing the ratio insulator-to-
electrode radius leads to the formation of bigger dots, it leads also to the grafting of a
thinner coating when the working distance is very small (d/a<0.4). We can assume that
the entering diffusion of the active species is partly prevented by the steric effect of
the microelectrode.
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Figure 31: Width (a) and thickness (b) of the coating as a function of the working
distance for two RG values: black: 50-um Pt RG=15, red: 50-um Pt RG=3.
Scatter: experimental data, line: fitted data

[AA]:2.0 mol. dm™, DNB: 2 10”° mol.dm™, H,50,:0.25 mol.dm?, I=-0.5 mA, t=5s



3. Localized electrografting of the diazonium salts
As mentioned in the previous chapter, first attempts to localize the grafting of the

polyphenylene film resulting from the reduction of the diazonium salt have failed.

Let’s recall the experimental conditions used for these preliminary experiments:

e um-Pt UME at a fixed tip-substrate distance (d/a<1)
e NBD510° mol.dm™

e TEAP 0,25 mol.dm™

e Solvent (DMF)

e cyclic voltammetry OV—->-0,4V/Ag wire

e scanrate20mVs’

Taken advantage of the conclusions that could be drawn from the experiments

described in the former pages, we can point out at least three main reasons for the

unsuccessful localized electrografting in that case:

(i)

(ii)

(iii)

The absence of water prevented its oxidation at the counter-electrode and
thus the generation of protons in the electrolytic medium.

The applied potential was not cathodic enough to induce the reduction of
residual protons eventually present in the organic solution. As seen above,
the reduction of the protons plays a crucial role in the localization effect.
The ratio migration/diffusion was likely to be unsuited, which has a
detrimental effect on the transportation of the reactive species. Indeed, in
the presence of TEAP as supporting electrolytic in the solution, the
migration effect is mainly supported by the ions of the electrolyte.
However, those ions (tetraethylammonium, and perchlorate ions
respectively) are not electroactive and do not play any role in the possible
formation of an electrochemical loop (as collection on the substrate, and
generation at the microelectrode).

New attempts of localization of the reduction of the diazonium salt were then

undertaken in the following experimental conditions:

e NBD:210° mol.dm?,
e H,50,0.25 mol.dm™ (no supplementary supporting electrolyte)

e |=-2mA (under this condition Eye is more cathodic than -0.6V vs. Ag wire and Ec¢

is higher than 10 V vs. Ag wire)

e static (t= 5s) or dynamic modes (v = 50 um.s ') were used.

Under those experimental conditions, successful localization effect was observed (fig.

32) confirming the above assumptions.
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Figure 32: Optical microscopy image of the localized
. electrografted PNP initiated by the electroreduction of
NBD (2 10 mol.dm™), H,50, 0.25 mol.dm™; 50um-Pt
UME, d =20 um, I=-2mA, lines obtained at a scan rate of
50 um s dots: t=5s.
®
100um
[ o ]
S

The characteristics of the localized electrografted coating observed in those cases are
consistent to the expected ones: L/2a = 2.4 for the static mode and close to 2 in
dynamic mode. The thickness is of the order of 100nm. We can moreover remark that
in static mode more particularly, the dot pattern exhibits a “queue” which can
certainly be related to the gas evolution direction which appears at the UME electrode.
This effect disappears when moving the UME and is not present when experiments
were carried out in the presence of the vinylic monomer. We will describe in more
details in the next chapter, the electrochemical reactions involve in the localization
process.

It is noteworthy that the localized process was also successfully applied to a mixture of
phenylene diamine and NaNQO,. This mixture generates the corresponding diazonium
salt, following the reaction (3.1), and the diazonium salt produced this way can be then
localized in a usual way (fig. 33).

HCI 6M
HzN@NHz — » |TC ;+H3N@N2+; cr

1 eq. NaNO, (3.1)

Our process can thus be potentially extended to all mixtures diamine+NaNO, even if
the obtained localized pattern is a little bit less well defined. This is likely due to the
presence in the solution of residual Na* ions which competes with H* to support the
migration process. Nevertheless, if for some applications we need to use diazonium

salts which are not available commercially, this procedure (whose improvement would
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request many experimental tests which have not been undertaken within the time
dedicated to the thesis) can be proposed.

Figure 33: Optical microscopy image of the localized
electrografted polyphenylene like film initiated by the
electroreduction of diazonium salt generated in situ from
aminobenzene (0.1 mol. dm™) and NaNO, (0.1 mol.dm™),

-3,
100 um . HCI 0.5 mol.dm™;
—

50um-Pt UME, d = 10 um, I1=-0.8mA, dots: t= 0.5 s.

4. Localized SEEP process: a “generic” process?

The results described above demonstrate unambiguously the capabilities of the SEEP
process to generate a localized grafting in the SECM environment with the couple of
reactants NBD/AA. It would be now interesting to check the “generic” character of this
process by probing the initiation with different aryl radicals or by applying it to other
vinylic monomers. However, we know now that, to obtain a well defined localized
grafting, it is preferable to work in aqueous solution, limiting so, a priori, this process
to hydrosoluble monomers.

For these reasons, hydroxylethylmethylacrylate (HEMA) and bromobenzene diazonium
tetrafluoroborate (BrB) were selected and tested. It must be noticed that our purpose
is not to optimize the experimental conditions for all the tested systems but just to
check the localized grafting concept.

A localized grafted pattern was obtained with the system BrB/AA as shown on figure
34a. The IRRAS spectrum recorded on the pattern presents the usual infrared
characteristic of PAA. Tests realized with the NBD/HEMA solution (fig. 34b) are less
significant. After rinsing, the organic coating tends to fall apart from the substrate,
leading to a poor resolution. It is certainly possible to improve this result but that
would require a more thorough parametric study which was not possible within the
time frame of this thesis.
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Figure 34: Optical images and infrared spectra recorded on the localized coating (red)
compared to infrared spectra recorded outside the pattern (blue) of: (a) the localized
electrografted PAA initiated by the electroreduction of BrB (2 10° mol.dm™), AA 2 mol. dm?,
H,S0, 0.25 mol.dm™; 25um-Pt UME, d = 10 um, lines obtained at a scan rate of 50 ums™,
chronopotentiometry I=-2mA; (b) the localized electrografted pHEMA initiated by the
electroreduction of NBD (2 10”° mol.dm™), HEMA 0,7 mol. dm™, H,S0, 0.25 mol.dm™; 10um-pPt
UME, d=6 um, t=>5s.
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5. SECM as direct lithographic tool for conducting substrates?

In collaboration with the PegasTech society, we developed a lithographic software
(Elecdraw1.0) able to drive the UME of the SECM instrument in the X-Y plan above the
substrate. By coupling the SECM with this software, we are thus able to "print" any
complex pattern in a few minutes on the substrate. The following pictures (fig.35) give

some examples of grafted patterns realized with our Elecdraw software. Behind the
pleasant feature of this coupling, it will be very efficient as an actual lithographic tool
with a micron-size resolution without using mask and lift-off technologies.

Figure 35: different patterns printed on the substrate by coupling SECM with Elecdraw
software.
[AA]:2.0 mol. dm™ DNB or BrB: 2 10° mol.dm™, H,50,:0.25 mol.dm’.

94



6. Extension of the process to sub-micronic resolution: SECM-AFM

As nanoscale effects play a more and more important role in modern science, the
controlled and defined formation of nanostructures on designated substrates is of
great interest. In this context, scanning probe based techniques (SPM) turned out to be
not only a technique to image surfaces but also suitable tools to fabricate such
nanostructures.! %!
The present work is related to this point. Despite many successful improvements, the
spatial resolution of SECM is usually orders of magnitude worse than that of other SPM
techniques, such as AFM and STM. Indeed, the achievable localization or spatial
resolution for both analytical and fabrication purposes strongly depends on the shape
and size of the electrochemical electrode. In our case, the best lateral resolution that
we achieved in the conventional SECM environment was of the order of one
micrometer (fig. 36).

Figure 36: Topographical AFM image of

traceed e00S # 1

the electrografted coating obtained with
5-um Pt UME. [AA]:2.0 mol. dm™, DNB: 2
107 mol.dm™, H,50,:0.25 mol.dm?,
d/a=1, I=-2 mA, v=100 um s™.

So, several groups have undertaken the development of a combined AFM-SECM which
represents a significant advance in SPM methodology.[so'sol Indeed, AFM gives high-
resolution topographic information and is able to precisely control the distance
between the sample and the probe, whereas SECM can provide detailed information

of local anodic or cathodic processes. Thus, electrochemical images can be analysed

[56, 61, 62

with full knowledge of the corresponding surface topography. I'However, up to

now, works developed in that latter field are essentially devoted to cantilever tip

t[52, 63-65]

probe developmen and to local electrochemical phenomena analysis,

particularly for studying biological systems.>% 6% 66 7]
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In this work, our objective is to develop an electrochemical AFM acting as an
electrochemical lithographic tool. For that purpose, an integrated AFM-SECM system
was first developed and then applied to induce localized grafting of organic coating on
a homogeneous substrate.

6.1. Integrated AFM-SECM probe

[68] o fabricate an

We followed the experimental set up developed by Abbou et al.
integrated AFM-SECM probe. The nanometer-sized AFM-SECM microelectrode consists
of a flattened and etched gold wire, electrically insulated at all but not the apex of the
tip with an electrophoretic paint[es] (see annex 1 for a detailed fabrication process).
This AFM-SECM tip was first characterized by steady-state voltamperometry to get an
estimate of the electro-active area of the tip from the limiting current. The well
characterized rapid electron transfer ferrocenedimethanol redox species was used.
The typical current-potential sigmoidal curve obtained at the Au AFM-SECM probe
shows no hysteresis on the return scan, meaning a well-insulated tip (fig. 37a).
Assuming that the exposed portion of the electrode fabricated above possesses a

hemi-spherical shape, the diffusion-limited current is expected to follow:®!

i,,-m=2nnFDCro

where n is the number of electrons involved in the electrochemical reaction, F is
Faraday’s constant (96485 C eq™), D is the diffusion coefficient of the reacting species

1)681 C the bulk concentration of the

(for ferrocene dimethanol: D = 7 x 10® (cm? sec’
species (1 x 10° mol.I'"), and rq the radius of the hemisphere. Using this equation, the
electrode radius of our AFM-SECM tip was found close to 140 nm. This value is in
relatively good agreement with the one we got from electron microscopy (150 nm, fig.
37b). The homogeneity of the coating of the electrode was assessed by measuring the
diffusion limited current response as a function of the location of the meniscus when
immersing the electrode into the electrolytic solution. The perfect overlapping of all
cyclic voltamperograms recorded for different lengths of insertion of the coated tip
into the solution suggests that there are no defects in the insulating coating along the

shaft of the electrode.

96



60 i(pA) a
50
40
30
20 —

10

| E (VISCE)
AT
-01 0 01 02 03 04 05 06

Figure 37: (a) Steady-state voltamperogram of the AFM-SECM Au tip in aqueous
solution containing 1 mM ferrocenedimethanol and 0.1M KH,PO,. The forward
and backward traces are superimposed. The potential scan rate was 50 mV sec™;
(b) SEM image of the AFM-SECM Au tip after insulation with the electrophoretic
paint. Beam energy is 5 kV and working distance is 8 mm. The tip radius is around
150 nm.

6.2 Localized grafting at a sub-micronic scale

The capabilities of the combined AFM-SECM technique were tested with an acrylic acid
- nitrobenzene diazonium tetrafluoroborate (NBD) mixture. To pattern the
homogeneous substrate, the metallic substrate to coat was negatively polarized (-0.8V
vs. Ag wire) with respect to the AFM-SECM tip, which acted thus as the counter-
electrode (scheme 3). The tip was moved in the liquid electrolyte at a constant
distance, d ~ 5 um, above the surface sample and at a low rate (18 um.sec) allowing
to draw localized lines of electrografted polymer.[m] Figure 38 (a-d) shows the AFM
image in acoustic mode of the line pattern drawn with the AFM-SECM tip on the gold
surface. The topographical image (fig. 38e) indicates that the thickness of the coating is
around 35 nm and the line width is of the order of the electro-active tip radius. This
high resolution is completely comparable with that obtained with micro-contact
printing methods and fully compatible with the actual requirements of many chemical
and biochemical applications. Moreover, this resolution is definitely better than the
one obtained with conducting polymers deposited in similar conditions using secm.’H

Scheme 3: Schematic of the
electrografting reaction mediated by
the AFM-SECM tip: ArN2": aryl
diazonium salt, Ar°: aryl radical, AA:
acrylic acid monomer, PAA: polyacrylic
acid film.
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Figure 38: (a-b) topographic and phase AFM images in acoustic mode; (c) zoom on the
background of the gold substrate (inlet: roughness histogram); (d-e) zoom and profile of the
line pattern drawn with the AFM-SECM tip on the gold surface in the case of direct
aryldiazonium salt/acrylic acid reduction. Tip-substrate distance: 5um; chronoamperometry:
-0.8V during 5 sec.

It must be also mentioned than if a non insulated tip was used, a localized grafting was
also observed but with a poorer lateral resolution (fig. 39). The 80 um-long line drawn
with the bare gold AFM tip was around 15 um-wide. In other words, for the same
experimental setup (working distance, applied potential, duration), the width of the
line was divided almost by a factor ten when the tip was insulated at all but the apex.
That result clearly demonstrates that localization is mainly controlled by the spatial
extension of the current lines between the working and the counter electrodes. These
current lines respect the same distribution as those of the electric field that would
exist between the two electrodes in a perfect dielectric medium.

Figure 39: Optical microscope image of the line pattern
drawn with the non insulated AFM-SECM tip on the gold
surface in the case of direct aryldiazonium salt/acrylic acid
reduction. Tip-substrate distance: 5um;
chronoamperometry: -0.8V during 5 sec.

However, the fabrication of an AFM-SECM insulated tip is a little bit fastidious, more
particularly in view of an extension of this technology to a multi-tips cantilever. But, we
have also shown that working with a non insulated tip leads to a significant
enlargement of the grafted pattern when the entire tip is immersed in the solution.
We can partially circumvent those drawbacks by working, in AFM-SECM tapping mode,
with a non insulated tip, on a very thin layer of the electrolyte solution obtained after
partial evaporation on the substrate. By a judicious choice of the tapping amplitude,

we were able to graft a pattern with a sub-micronic resolution (fig. 40). This result is
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just a proof of concept and may certainly be improved by technical developments
which, however, are not the aim of this work.

Figure 40: AFM image in tapping of the grafted pattern
obtained by tapping AFM-SCEM on a gold substrate.
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Conclusions

To sum up, we can say that the localization of the electrografting is based on the local
generation of reactive species confined in the vicinity of the UME/substrate gap. Aryl
radicals originated from the reduction of diazonium salts act both as surface-active
reactants to form a primer PP grafted film, and as radical initiators for the final
polymer coatings. The short UME/substrate working distance limits the diffusion time
of the radical species generated at the electrodes surfaces and ensures a small
reaction area.

The oxidation water regime, which has to be reached to observe the localization effect,
induces the production of protons which are collected on the substrate. Our
electrochemical system seems thus to function as a tip generator / substrate collector
of reactive species. The transportation of these reactive species between both
electrodes is mainly supported by the migration effect which is very sensitive to the
electric field.

The vinylic monomers in the electrolyte solution may play the role of trappers which
also limit the free radical diffusion. This phenomenon is very similar to the well-known

“chemical lens” phenomenon!’?

where the diffusion of the electrodes generated
species and the scavengers are in opposite direction. If the chemical reaction between
the trapper and the generated species is fast enough, the surface modification of the
substrate will be spatially limited to a thin zone surrounding the tip where the two

species meet.

The application of the SECM and the extended AFM-SECM to the particular case of the
grafting of vinylic monomers allows to direct patterning of a homogeneous conducting
substrate with a covalently grafted organic coating, which one cannot obtain with
conducting polymers and SAMs on gold technology. The formation of this strong
interfacial bond is a key point for the properties of the final interfaces, which can then
be further processed by classical methods of organic chemistry. The polyacrylate
deposit may, for example, be functionalized by almost any chemically active species by
a simple amidation of the carboxylic hanging groups.

We have thus demonstrated that the UME in the environment of a SECM or the AFM-
SECM tip can be used as a pencil to direct the electrografting of organic film. The

[39] although the final coating is here

process is thus similar to dip-pen coating,
covalently grafted as in a "classical" SEEP experiment. This new extension of the
SECM/SPM techniques shows great promises for directing localized modification

purpose, which is of great interest for chemical, biological or technical applications.
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Annex 1: Preparation and characterization of microdisk electrodes

The Pt microdisk electrodes were prepared according to the literature. Briefly, the end
of a glass capillary was sealed such that a conical shape was obtained. A straight 100,
50, 25, or 10 um diameter Pt wire (99.9% purity, Goodfellow, United Kingdom) was
then positioned at the bottom of the sealed borosilicate glass capillary. The capillary
was then slowly sealed onto the wire using a heated resistor coil. The sealed wire was
then electrically connected to a larger wire by welding with tin. The microdisk
electrode was then polished using sandpaper by gradually increasing grit size (600 and
1200) such that the RG value (RG = ratio of glass to metallic radii) fell if possible under
10 and a smooth surface was obtained. Before use, UMEs were washed under
sonication in Milli-Q water. The quality of the microdisk electrode was checked by
recording the steady-state voltamperogram of a well-characterized system exhibiting
rapid heterogeneous electron transfer ([Fe(CN)e]*/[Fe(CN)g]*). The initial potential
was set from -0.25 vs. Ag wire to 0.4 V, and reversed and the current sensitivity to 100
nA. The UMEs were considered as satisfactory if the reverse scan retraced the forward
scan.

Annex 2: SECM imaging process

The surface SECM images were taken in the constant-height feedback imaging mode.
Constant height mode images are obtained by moving a probe laterally in the x-y plane
above the substrate and monitoring the tip current, it, as a function of tip location.
Current data are collected at each defined division of the scan; the minimum division
corresponding to highest resolution is the UME diameter (2a). The output from the
area scan experiment is an area graph with displacement on the X and Y axis and
amplitude of current on the amplitude axis. The variation of current is plotted using a
range of grey-scale intensities defined by a palette. Increasing or decreasing in the
UME current obtained in line scans at homogenously insulating or conducting surfaces
can be understand as up and down in surface topography while current variations
gained at flat surfaces with neighbouring conductive and insulating regions represent
the local changes in electrochemical activity of the sample surface. In samples with
variations in both interfacial electrochemical activity and changes in surface
topography, the UME response reflects a convolution of contributions from alterations
in electro-chemical activity and topography, and, in fact, additional information about
the morphology of the specimen is obligatory for an interpretation of the constant-
height SECM images. The first consequence is the need for a large part of the sample
chemically homogeneous to flatten the surface through line scan.
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In our imaging SECM experiments realized in the feedback mode, ferrocene
dimethanol, 5 10 mol.dm™, was added to the supporting electrolyte (KCl 10 mol.dm’
%), the working distance was chosen in the range of 0.4<d/a<0.6, the step size was of
the order of 2a, and the sample measuring time was about 0.4s. The image is
composed by successive line scans and the image was carried out in a reasonable time,
to guarantee the stability of the concentration of redox species in solution.
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Annex 3: Fabrication and characterization of the AFM-SECM tip

The nanometer-sized microelectrode consists of a flattened and etched gold wire,
electrically insulated at all but the apex of the tip (scheme A). The experimental
protocol was adapted from the procedure described by Abbou et al.’®® In brief, by
generating an electric arc between an etched gold microwire and a tungsten counter
electrode, the very end of the gold microwire can be melted and given a conical shape
a few hundred nanometers in size. The whole wire was subsequently insulated via the
cathodic deposition of electrophoretic paint. By applying a high-voltage pulse to the
microwire, the film covering its very end can then be selectively removed, thus
exposing a submicrometer-sized electrode surface of predefined geometry. The tip
was then mounted as a combined AFM-SECM probe, and was used as the counter
electrode of a standard three-electrode arrangement. The value of the conical tip
radius was determined by scanning electron microscopy for several probes and was
found between 70 and 150 nm depending on the probe. These fabricated AFM-SECM
probes integrate tips of about 1.5mm length (fig.l). It is then possible to immerse only
the final end of the tip (~200um) in the electrolytic solution (300 ul).

90° curved J ;;

Electrochemical g
ﬂ‘:?ﬂ_‘ed etching of the ~ = p———
go'd wire wire to form ' High voltage embine »
the +ip :'.vrl"l‘soiilzlg:li o‘:i:::'y pulee to AFM-SECM tip
electrodeposition of unc;ver +:e
a cathedic prefeorma
structure.

electrophoretic paint

Scheme A: Schematic successive steps of an AFM-SECM tip fabrication process.

Figure I: SEM micrographs showing the extremity of
an etched microwire insulated by a film of
reticulated electrophoretic cathodic paint
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Annex 4: Experimental setup for AFM-SECM experiments

The substrate (Pyrex glass plates coated with 2 nm of chromium and 100 nm of gold
(99.99 %) by vacuum evaporation) was the working electrode and a silver wire the
guasi-reference electrode. All potentials reported herein are with respect to the silver
wire quasi-reference electrode unless otherwise stated. The L-AFM-SECM experiments
were performed with a Molecular Imaging PicoSPMLe AFM microscope (PicoScan 2100
controller - Scientec, France) equipped with a home-modified fluid cell containing the
electrolytic solution (commercial acrylic acid (Aldrich, 0.7 mol.dm™) in acidic aqueous
solution (H,SO;, 0.25 mol.dm™, analytical grade) in presence of 4-
nitrobenzenediazonium tetrafluoroborate (Aldrich, 2 x 10° moI.dm'a). Solutions for
electrochemistry were not degassed prior to use, and all measurements were made at
room temperature. The potentials applied to the electrodes were controlled by an
external bipotentiostat (Biologic Science Instruments). The microscope head was
placed inside a Faraday cage and mounted on a floating table to achieve vibration
isolation during investigations and characterizations. Reference markers made on the
sample before experimental assembly allowed to locate easily the modified areas after
the localized electrografting process. The working distance was set by positioning at
first the tip “in contact” with the surface and then by withdrawing it from the
substrate. A working distance of 5 um was found to be optimal. For smaller distances,
the probe becomes too sensitive to the disorder of the solution caused by the
dihydrogen release and for larger distances, the localization is lost. For rigorous
experiments, this procedure was systematically repeated before each grafting
experiment. The electro-initiated polymerization technique could be achieved using
either chronoamperometric or chronopotentiometric techniques. All the samples were
sonicated in ethanol and water before analyses. During AFM-SECM experiments, the
tip movement was monitored via the reflection of the AFM laser onto the cantilever
arm of the probe and the detection of the reflected beam on a position-sensitive
detector.

The resulting localized thin films were characterized by optical microscopy (Leica
DMLM with CDD camera Leica DFC 320) and by topographical AFM analysis. For
imaging the localized electrografted trace by AFM in acoustic mode, the AFM-SECM tip
was replaced by a commercial pyramidal Si tip (mounted on 225um long single beam
cantilever with a resonance frequency of approximately 75 kHz and a spring constant
of about 3 Nm™). AFM images were recorded using the retrace signal. The scan rate
was in the range of 0.25 Hz with a scanning density of 512 lines/frame. The grafted
polymer has characteristic spectroscopic features which can be used as a probe to
trace the growth of the polymer on the surface. The samples were then analyzed by X-
Ray photoelectron spectroscopy (Kratos Axis Ultra DLD, Al Ka monochromatic source)
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and infrared spectroscopy (Bruker VERTEX 70 spectrometer with a mono reflection
ATR Pike-MiracleTM device).
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CHAPTER 4

LOCALIZED GRAFTING IN THE FOUR-ELECTRODES CELL CONFIGURATION,
REASONS INVESTIGATION FOR A LOCAL EFFECT

1. Introduction

In chapter 3, we have validated the localized grafting concept in the environment of
the SECM. However, the experiments undertaken in the three-electrode configuration
mode (scheme 1a) may suffer from a lack of reproducibility because we do not control
the applied potential to the UME. Moreover, as we have seen in chapter 3, it is
necessary to reach the proton reduction regime on the substrate to obverse the
localization effect. In the three-configuration mode, when this regime is reached, the
corresponding potential at the UME is very high and water oxidation occurs. In this
configuration, it is not possible to know if this contribution is positive for the localized
effect or, on the contrary, a drawback. Then, in order to put in evidence the role
played by the different electrochemical species generated at the electrodes on the
localized process, it would be better to control separately the potentials applied to the
substrate and the UME respectively. Therefore we undertook experiments in the four-
electrode configuration (scheme 1b) where the potentials applied to the UME and the
substrate can be precisely controlled via the use of a bipotentiostat.
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Scheme 1 - (a) three-electrode configuration with the UME acting as the CE; (b) four-electrode
configuration with two working electrodes (UME, WE1, and substrate, WE2), a common CE (Pt
wire) and a common reference electrode (Ag wire).

First of all, let’'s record the current flowing through the UME and the substrate
respectively when both polarized electrodes approach each other. The experimental
conditions are chosen close to those used for the localized electrografting process. But,
in order to avoid possible disturbances due to the passivation of the surface by the
electrografting of the diazonium salt, the electrolytic solution contains only sulfuric
acid (0.25 mol.dm'a) and acrylic acid (2 moI.dm'3). It must also be noted that no
supplementary redox mediator was added to the solution. Approach advancement
was realized with motorized 2um step corresponding to a scan rate of 0.7 um.s'l.
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On figure 1, we report the current recorded at the UME and the substrate respectively,
as a function of the normalized distance between the substrate and the UME for
different potentials applied to the UME while potential applied to the substrate was
kept equal to -0.4V vs. Ag wire (except for experiment undertaken at Eype = 4V vs. Ag
wire for which E; is equal to OV vs. Ag wire).
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Figure 1: tip and substrate current vs. the normalized working distance for different
potentials applied to the tip: 2V/Ag wire (black), 4V/Ag wire (violet), 7V/Ag wire (red),
10V/Ag wire (blue). 100 um-Pt, scan rate of the tip approach: 0.7 um s, H,S0, 0.25
mol dm™, acrylic acid 2 mol.dm’.

(a) for Eyme < 2V vs. Ag wire, the currents flowing through the tip and through the
substrate are low (2puA and 35pA, respectively) and constant whatever d. These
currents correspond to the background current of the electrochemical cell.

(b) for Eyme >> 2V vs. Ag wire, much higher currents are flowing through the tip since
oxidation of water occurs following the relation (4.1).

2H,0 > 0, + 4H" + 4e™; Eg=1.23 V/SHE (4.1)

However, one cannot also exclude the formation of oxygenated species like O3), H,0,,
and ‘OH which standard redox potentials are given in table 1. Among these species,
one has to pay attention particularly to "OH radicals, one of the strongest oxidizing
agents, which can eventually serve as a mediator able to oxidize organic compounds
by initiating radical chemical reaction. 2 Even if the Pt electrode is not the best
materials to produce efficiently these oxidazing species, the process may however
occur as the tip is biased at very high anodic potential at which a very high current
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density (Jume) is associated (for example, for 100-um Pt UME at d/a>3, with Eyme=7V,
lume =5 MA, i.e. Jume = 64 A.cm™ 1). Other labile oxygen species are also situated in the
water discharge region (fig. 1).

Oxidation reaction E°/V vs. SHE
H,0 - HO 4+ H* + e~ 2.80
O2(g)+ H20 = O3+ 2 H +2e 2.08
2 H,0 — H,0,+2H" +2¢ 1.77
H,0, » HO,+ H" + e~ 1.44

Table 1: standard potential of several redox couples in the water discharge region (reprinted

from reference 2)

34

Potential / volts

HO} 02
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Figure 2: pH-potential diagram of oxygen reactive species.”
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One has also to consider the plausible oxidation of disulfate anions into sulfate radical
anions or/and peroxodisulfate ions (table 2) which may be not only very reactive
radicals or oxidizing species,[4] but also, which are known to be able to initiate the

radical polymerization of vinylic monomers.”!

Oxidation reaction E°/V vs. SHE
S0;~ - SO + e™ 2.60
2502~ > S,02 + 2e~ 2.01

Table 2: standard potential of sulfate redox couple in the water discharge region (reprinted
from reference 2).

Therefore, an anodic current is recorded on the tip. Far from the substrate (d/a = 2),
this anodic current (Iyyg ) increases perfectly linearly with the potential applied to
the tip (fig. 3). As d/a tends to zero, the correlation coefficient of the linear regression
fit is not as good, suggesting that the current recorded at the tip is perturbed by the
presence of the substrate at small working distance. More precisely, for Eyme > 7V, the
current recorded at the tip for the smallest working distances is higher than expected,
indicating probably the detection by the tip of active species coming from the
substrate.

Figure 3: tip current vs. the applied tip

& . 32232 potentials for two different normalized

5+ e g working distance: d/a=2 (black);

g d/a=0.2 (red). Scatter: experimental
data, line: linear fit. 100 um-Pt, H,SO,
0.25 mol dm’, acrylic acid 2 mol. dm?,

2 4 6 8 10 12
E e V/Ag wire

It seems thus that in our system, a generation/collection like-process occurs between
both electrodes. For example, on figure 4, we report the anodic (lyme) and cathodic
(Isub) currents recorded simultaneously during the approach of the tip to the
substrate. In this figure, the variable (abscissa) is the time, which is directly
proportional to the variation of d/a since the approach rate was constant.
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Figure 4: anodic (blue) and cathodic (g;ieTg;?) currents recorded during the tip approach.
Eume=10V, E,,=-0.4 V, E¢ (red) potential measured at counter electrode.

100 um-Pt, scan rate of the tip approach: 0.7 um s, H,50, 0.25 mol dm?, acrylic acid 2
mol.dm”.

We can observe that

(i) For d/a > 1.6 (figure 4, region 1), the anodic current corresponding mainly to
the oxidation of water keeps constant while no significant cathodic current is recorded

on the substrate.

(i) For 0.6 < d/a < 1.6 (figure 4, region Il), Iyme remains constant while, in
correspondence, the cathodic current recorded on the substrate increases in absolute
value. In other words, it appears thus that for d/a < 1.6, species generated at the tip
begin to be detected at the substrate. Since the tip/substrate diffusion time is of the
order of d?/D, the smaller d/a, the sooner the substrate current increases.

(iii) For the smallest working distance (d/a < 0.6, figure 4 zone lll), both
electrodes interact with each other: species generated at the tip are collected on the
substrate where they are reduced and their reduction products may, in turn, be
detected at the tip, leading to an increase of the anodic current.

Another way to demonstrate the existence of the generation/collection effect
between both electrodes is to plot the efficiency of the collection at the substrate
(Isup/Iyme) as a function of the normalized distance (fig. 5). The efficiency of the
collection begins to increase for d/a < 1.6 and tends to 1 (100%) for d/a — 0. As the
substrate potential is held constant at -0.4 V vs. Ag wire, species able to be detected
and reduced on the substrate are probably protons, according to the relation (4.2).
One may also expect that dissolved O, could be reduced on the gold substrate (relation
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4.3 and/or 4.4). However, it is known that pure gold metal is poorly active for the
electroreduction of oxygen and yields a significant amount of hydrogen peroxide as
subproduct.[G] A large amount of these species are unstable and have a very short
lifetime. Thus their detection by the tip and/or the substrate is only significant for the
very short working distances. For large working distances, most of those species are
lost from the electroactivity point of view.

Figure 5: substrate current /tip
Epue =10V current ratio vs. normalized
Eove =7V working distance for two different
tip potentials: 7 V/Ag wire (blue),
10 V/Ag wire (red), E,, being held
to -0.4 V/Ag wire.

Scatter: experimental data, line: fit
data. 100 um-Pt, H,SO, 0.25 mol

dm?, acrylic acid 2 mol.dm’.

sub/IUME

2HY+ 2e” - H,; E°=0V/SHE (4.2)
Oy + 4H* + 4e” - 2H,0; E® = 1.23V/SHE (4.3)
Oy + 2HY + 2e” - H,0,; E° = 0.695V/SHE (4.4)

To sum up, the tip biased at high anodic potential generates constantly a flux of
species which induce on the substrate a significant cathodic current when the
normalized working distance is lower than 1.6. For the very short working distances, a
redox loop-like phenomenon seems to take place between both electrodes, which
partially compensates the hindered diffusion.

2. Influence of the applied potential to the microelectrode

In order to study the influence of various electrochemical parameters on the localized
process, chronoamperometry experiments were undertaken where the potential
applied to the UME was scanned in the range of 1V to 10V vs. Ag wire reference while
the substrate was (i) held unbiased or (ii) cathodically polarized. Dots were thus
realized by chronoamperometry technique (t=5s). All these experiments were realized
at d/a=0.4 (i.e., d= 20 um for the 100 um-Pt) and the electrolytic solution was the usual
one: [AA] 2.0 mol. dm™, DNB 2 10 mol.dm™, H,S0, 0.25 mol.dm™.
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In the first case where the substrate was unbiased whereas the UME potential was
scanned to high positive values, we observed a strong degradation of the substrate as
visualized on figure 6. In fact, the potential experienced by the unbiased substrate,
when the UME reaches 10 V vs. Ag wire, corresponds to the open circuit potential
which is sufficiently positive (around 0.8 V vs. Ag wire) to induce the local oxidation of
the underlying chromium layer.

Figure 6: optical image of the degraded gold
substrate.

Eyme= 0.5 @ 10V, 100 mV's™, 3 cycles, E.*= 0.815V
(when UME reaches 10V), 100 um-Pt, d=20 um.
[AA]:2.0 mol. dm™, DNB:2 10” mol.dm?, H,50,:0.25
mol.dm?, 100 um-Pt, d = 20um.

Therefore to avoid this phenomenon, the substrate potential was held to negative
values during experiments. -0.4 V vs. Ag wire value was chosen for the substrate
potential (Esy,). The average tip and substrate currents measured during the potential
application were then plotted and coupled with the grafting results (fig.7).
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Figure 7: Optical image of grafted dots for different potential imposed to UME (a);
corresponding currents recorded at both electrodes (UME in red, substrate in blue) (b);
measured thickness (c) and width (d) by profilometry. [AA]:2.0 mol. dm™, DNB:2 10”° mol.dm”,
H,50,:0.25 mol.dm™, 100 um-Pt, d = 20um, t=>5s.
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The localized electrografting process was detected starting from Eyme > 5 V/Ag wire

although oxidation of water started at Eyme > 2 V/Ag wire (lume ¥ @ for Eyme > 2 V) (fig.
7a and 7b). In fact, the localized process starts when the substrate begins to detect a
cathodic current induced by the reduction of the species electrogenerated at the tip. In
other words, it seems necessary to obtain a minimal flux or concentration of the "tip-
generated species" in the tip/substrate gap in order for a part of it to be detected by
the substrate where they are reduced. Let’s consider the collection efficiency by the
substrate (lsun/lume) for the different electrolytic solutions reported in table 3: sulfuric
acid alone, sulfuric acid / acrylic acid, and sulfuric acid / acrylic acid / NBD. When the
tip is closed to the substrate (d/a=0.4) and is polarized at 7 V vs. Ag wire, almost 90%
of the tip generated species are detected on the substrate. However, this coefficient
falls down to around 70% when acrylic acid is present in the solution. This result
indicates that acrylic acid is likely to consume some "tip-generated species" which can
no longer be detected by the substrate. Moreover, the collection coefficient goes
down near 60% when the diazonium salt is added to the solution. In this last case, lsup
is affected by the passivation of the substrate due to the grafting of the
polynitrophenylene-like layer.

Composition leun/ lUME
Eume = 7V/Ag wire
H,S04 0.25 mol.dm™ 0.85
H,S04 (0.25 mol.dm™)/AA (2.0 mol. dm?) 0.68
NBD (2 10 mol.dm™)/H,S0, (0.25 mol.dm®)/AA  0.63
(2.0 mol. dm™)

Table 3: Collection efficiency (ls.s/lume) as a function of the electrolytic solution for Eyye= 7V /Ag
wire. 100-um Pt, d/a = 0.4, E,=-0.4V/Ag wire.

To sum up, short working distance and high tip polarization create a channel through
which the electrogenerated species are flowing. On their pathway, these species can
react each other or with the components of the electrolytic solution creating active
species starting the polymerization process of the vinylic monomer for the SEEP
process.

The thickness of the dot pattern increases linearly with the tip potential (fig. 7c) while
the width of the pattern reaches a plateau for the highest Eyye values (fig. 7d). This
behavior can be explain by the fact that (i) the electrogenerated species are more
abundant as the tip potential increases (thicker coating vs. tip potential), (ii) the area
over which the generated species spread off is essentially governed by the competition
between their hemispherical diffusion/migration time and their rate of consumption
by coupled chemical reaction. Indeed, the tip-generated species predominantly diffuse
and/or migrate toward the large substrate rather than escaping from the tip/substrate
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gap, but coupled chemical reactions can occur during their journey toward the
substrate.

It must be highlighted that we found the same behavior for the localization of the
grafting from the diazonium salt alone, as shown on figure 8: the localization process
starts from Eyme > 3V vs. Ag wire.

Eume: 1v 2v 25v 3v 35V 4V 45V ° 5V 8V 7V 8V 9V 10V

E.up=-0.4V 500um @

Figure 8: Localization of of the grafting from the diazonium salt alone. Optical image of
grafted dots for different potentials imposed to UME; E,.,=-0.4/Ag wire, DNB:2 10
mol.dm™, H,50,:0.25 mol.dm™, 100 um-Pt, d = 20um, t=>5s.

It is also important to note that reaching the proton reduction regime on the substrate
is not a necessary condition to observe the localization effect, as demonstrated by the
following experiment when the potential applied to the substrate is kept at -0.7V vs.
Ag wire (i.e. a potential for which the entire substrate area undergoes the reduction of
the proton). At this cathodic potential corresponds, on the entire substrate, a
background constant current around 500 pA (lsp, bg). Therefore, the substrate current
(Isup) recorded as a function of the tip applied potential corresponds in fact to the sum
of two contributions (equation 4.5): the current coming from the reduction of the
actual collected species (lsub, col) and lsyp, bg. Measuring Iy, and knowing lsyp, bg, We can
deduce Iy, col- It is this value that we use to calculate the collection efficiency reported
on figure 9.

Isub = Isubcol T Isubibg (4.5)

Even when the substrate potential is able to reduce the protons on the entire area, the
localization effect only starts for Eyme > 5V vs. Ag wire, i.e. at a potential for which the
collection efficiency becomes significantly different from zero (fig. 9), and in particular
higher than 0.3.
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Figure 9: ratio of the current
actually collected by the
substrate polarized at -0.7V/Ag
wire and the current measuring
at UME (lsu, co//lume) @s a function
of the potential applied to the tip.
100-um Pt, d/a=0.4, t=>5s,
[AA]:2.0 mol. dm™, DNB:2 107
mol.dm?, H,50,:0.25 mol.dm”.
Scatter: experimental data, line:
fit data.

On figure 10, we compare the results obtained with the two different applied
substrate potentials (-0.4V and -0.7 V vs. Ag wire, respectively). We observe that the
thickness of the coating increases approximately linearly with the tip potential for both
applied potentials to the substrate, but with a different rate. On the other hand, the
width of the pattern reaches a plateau more quickly and for a lower tip potential when
the potential imposed to the substrate is more cathodic.
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Figure 10: Thickness (a) and width (b) of the dot pattern as a function of the applied tip
potential for two different imposed substrate potentials: -0.7V/Ag wire (red), -0.4V/Ag wire
(black). Scatter: experimental data, dotted line: fit data.

[AA]:2.0 mol. dm™, DNB:2 10° mol.dm™, H,50,:0.25 mol.dm™, 100 um-Pt, d = 20um, t=5s.

3. Influence of the potential applied to the substrate

Up to now, we have seen that the substrate potential must be more negative than the
rest potential (VOC=open circuit potential) measured on surface before
electrochemistry to avoid the degradation of the substrate. But, we do not know if it is
a sufficient condition or if it is necessary to reach on the substrate a threshold
potential beyond which the localization appears. Therefore, we performed
chronoamperometry experiments where the UME potential was kept constant and
equal to 7 V vs. Ag wire, while the substrate potential was scanned in the range of 0 V
to -0.85 V vs. Ag wire. The other experimental parameters were the same as
previously, i.e. 5 s time of polarization, and d/a =0.4. As shown on figure 11, the
localized effect was observed in all the scanned range of Es,, potential. The beginning
of the localized process seems thus to be more related to the value of the potential
applied to the tip than to the value of the potential applied to the substrate. It seems
that the latter only has to be kept at a potential able to reduce the tip generated
species. As these species are essentially H and oxygen reactive species in our case, this
potential has only to be more negative than zero.
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Figure 11: (a) Optical image of grafted dots for different potentials imposed to the surface; (b)
corresponding currents recorded at both electrodes (UME in red, substrate in blue); measured
thickness (c) and width (d) by profilometry. [AA]:2.0 mol. dm™, DNB:2 10 mol.dm,
H,50,4:0.25 mol.dm™, Eyye=-0.7V/Ag wire, 100 um-Pt, d = 20um, t=5s.

The width of the dot pattern varies very lightly with Egp while the thickness first
increases linearly with E,, before reaching a plateau. The low dependency of the
width with the substrate potential indicates that this parameter is mainly controlled by
the tip potential as seen in the previous section. The thickness of the coating is related
to the quantity of the tip-generated species that can be reduced on the substrate. This
guantity increases with the negative potential, and most probably corresponds to the
reduction of the protons generated at the tip. Indeed, following the Nernst equation
(relation 7), the reduction potential of proton depends upon its concentration.

E= E"— 0.059 pH (7)

When Eg,, becomes equal or more negative than -0.7V vs. Ag wire, the recorded
substrate current increases drastically since the proton reduction occurring on the
entire substrate area dominates the voltamperogram.

Once again, for all the scanned substrate potential range, the collection efficiency is
better than 0.30 (fig.12).
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Figure 12: Collection efficiency

(lsus/lume) as a function of the

potential applied to the substrate.
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An analog behavior was observed for the localization of the grafting from the
diazonium salt alone, i.e. a poor dependence of the shape of the localized grafting on
the potential applied to the substrate (fig. 13).

Esub’ OV -0.1V -0.15V -0.2V -0.25V-0.3V-0.35V -0.4V -0.45V -0.5V -0.6V -0.7V -0.8V -0.9V
b & @ :
Sseaeteae s @0 0 0 @ @

EUME:7V , SOO“m N

Figure 13: Localization of the grafting from diazonium salt alone. Optical image of grafted
dots for different potential imposed to the substrate; E ye=7/Ag wire, DNB:2 10° mol.dm™,
H,50,:0.25 mol.dm?, 100 um-Pt, d = 20um, t=>5s.

In conclusion, this set of experiments shows clearly that the localization effect is
strongly related to the potential applied to the tip rather than to the potential applied
to the substrate. For the latter, the only requirement is to impose a potential that
allows (i) the reduction of the diazonium salt (i.e. on gold substrate, in our electrolytic
solution, Eqwp < 0 V vs. Ag wire (see chapter 2)) and (ii) the reduction of the tip-
generated species. Moreover, those tip-electrogenerated species have to be detected
at the substrate with a minimum efficiency (> 0.35) to start the localization effect. In
other words, in the tip/substrate gap, a very specific reactive medium resulting from
the species coming from the tip as well as from the substrate is created. In this reactive
container, taken into account our very specific potential conditions, various radicals
are formed which react with the components of the electrolytic solution, in particular
the vinylic monomer. Moreover, in this gap, local pH variations are also produced with
an acidification of the medium around the tip (resulting from the H* production by
oxidation of water) and an increase of the pH close to the substrate by consumption of
H* by the reduction process. Acrylic acid is a pH sensitive species (pKa= 4.2) which
tends to dissociation when pH increases. Hence, a potential-induced distribution of
acrylic acid derivatives is likely to form in the tip-substrate gap: acrylic acid more
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abundant near the tip, and its acrylate base form predominant close to the substrate;
the latter species is sensitive to the electric field.

4. Influence of working distance on the localized reaction

Let’s now study the influence of the working distance on the localization effect for
three different applied tip potentials: 4V, 7V, and 10V vs. Ag wire. The substrate
potential (the less determinant parameter as we have seen above) was kept constant
at -0.4V vs. Ag wire in order to avoid perturbation by the reduction of the protons on
the entire substrate area. Explored working distances are included in the range of 0.1 <
d/a < 2. Dots were realized by chronoamperometry technique (t=5s), with a 100 pm-Pt
UME and using the usual electrolytic solution ([AA] 2.0 mol. dm™, DNB 2 10 mol.dm?,
H,S04 0.25 mol.dm™). Figure 14 shows the optical images of the localized pattern. As
already observed, no localization was detected for Eyme = 4V, even for the shortest
working distance. The localization was lost, in an abrupt way, for d/a > 1.2 and d/a >
1.6 when Eywve=7V, and Eyme=10V respectively. This behavior must certainly be related
to the collection efficiency that goes down below 0.35, value which seems to be a
threshold value for observing the localization effect (fig. 15). In other words, the
localization is lost for normalized working distances higher than 1.6, which
corresponds more or less to the distance above which the two electrodes stop
“speaking to each other”.

d/a=0.1 d/a=0.2 d/a=0.3
Eyme= 4V
dla=0.1 dia=0.2 da=0.3 d/a=0.4 dla=0.6 dia=0.8 dja=1.2 dia=1.4
Eyme=7V
dia=0.4 dla=0.6 dla=0.8 dia=1.2 dla=1.6
250 ym z
_— Euwe= 10V r

Figure 14: optical images of the dots pattern for three different tip potentials: top:
Eume=10V/Ag wire; middle: E e=7V/Ag wire, bottom: Ey:=4V/Ag wire. E,,=-0.4V/Ag wire,
100-um Pt, t=5s, [AA]:2.0 mol. dm? DNB:2 10° mol.dm?, H,50,:0.25 mol.dm™.
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Isub/IUME

Figure 15: Collection efficiency (lsu./lume) as a function of the normalized working distance for
three different potentials applied to the tip: Eyy= 10V/Ag wire (red), Eune= 7V/Ag wire (black),
Eume= 4V/Ag wire (blue), E,=-0.4V/Ag wire, 100-um Pt, t=5s, [AA]:2.0 mol. dm™ DNB:2 10°
mol.dm?, H,S0,:0.25 mol.dm?. Scatter: experimental data, line: linear fit data. Dash lines: end
of the localized process.
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Figure 16: Width (a) and thickness (b) of the dots pattern as a function of the normalized
working distance for two different tip potentials: Eyye = 7V/Ag wire (red), Eynme=10V/Ag wire
(blue), while E,,, is kept equal to -0.4V/Ag wire. [AA]:2.0 mol. dm?, DNB:2 10° mol.dm’,
H,50,4:0.25 mol.dm™, 100 um-Pt, t=5s. Scatter: experimental data, lines: fit data. (c) reactive
volume reconstruction under the UME for E e = 10V/Ag wire (top) and Eyy-=7V/Ag wire
(bottom).
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For a 7V bias applied to the tip, as well as for a 10V bias (vs. Ag wire), , the width and
the thickness of the grafting decrease slightly during the withdraw of the UME (fig. 16
a, b). The shape and the size of the dot pattern allow the reconstruction of the reactive
volume under the UME in function of the working distance. Indeed, dots realized at a
particular working distance represent the section of the volume where are produced
the physico-chemical conditions able to localize the grafting. This volume, delimited by
black lines (fig. 16c), shows the reactive domain in function of surface-UME distances;
out of this volume no localization was observed. For a 100-um Pt UME, the "optimal"
working distance to get a uniform and reproducible localized coating is around 20-40
um, corresponding to a normalized working distance between 0.4 and 0.8. By the way,
this range is fully consistent with the results already observed in the three-electrode
configuration (see chapter 3).

As also already observed for the three-electrode configuration, the range of working
distance for which the localized effect is observed can be extended to larger values if
harder experimental conditions are applied. For example, when the 100-um Pt tip is
biased at 10V vs. Ag wire, the localization is lost at 80 um far from the substrate
surface whereas this distance is only 60 um when 7V vs. Ag wire is applied to the tip.

5. Influence of the electrolysis duration
5.1. Investigation of the kinetic of reaction

Experiments similar to those realized with the three-electrode configuration (see
section 2.2.2 chapter 3) were reproduced in the four-electrode configuration. We set
the tip and substrate potentials to 7V vs. Ag wire and -0.4V vs. Ag wire respectively,
and we followed the growth of the polymer coating as a function of electrolysis
duration by AFM analysis. 25-um Pt UME was used and placed at a constant
normalized working distance equal to 0.8. After synthesis, samples were rinsed
carefully before forthcoming analyses. AFM images were recorded in contact mode
and gathered on figure 17.
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Figure 17: Evolution of the growth of the localized dot as a function of electrolysis time by
AFM analysis in contact mode: 3D topographic images. The x-y-z scales are equivalent for
all the images and are 100 um x100 um x 350 nm respectively. [AA]:2.0 mol. dm™, DNB:2
10° mol.dm™, H,50,:0.25 mol.dm?, E e = 7V vs. Ag wire, E, = -0.4V vs. Ag wire, 25 um-

Pt, d = 10um.

(b)

(a) =55
160 Elt=4s

Z (nm)
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Figure 18: AFM dots profiles as a function of time: (a) 1 -5 s; (b) 6-7 s. [AA]:2.0 mol. dm™,
DNB:2 10 mol.dm?, H,50,:0.25 mol.dm™, Eype = 7V vs. Ag wire, Eg,, = -0.4V vs. Ag wire, 25
um-Pt, d = 10um.
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Figure 19: Evolution of the width (red) and the thickness (blue) of the dots pattern as a function
of electrolysis duration; scatter: experimental data, line: fit data. 25 um-Pt UME, d = 10um,
Eume = 7V vs. Ag wire, E,, = -0.4V vs. Ag wire, [AA]:2.0 mol. dm™, DNB:2 10 mol.dm™,
H,50,:0.25 mol.dm”.

The width and the thickness of the localized coating can be extracted from the AFM
analyses (fig. 18) and the results are plotted on figure 19. We observe clearly the two
different time regimes already put in evidence in the case of the three-electrode
configuration (see chapter 3). It is also interesting to note that the time scale is
approximatively the same for both configurations; i.e. the width and the thickness of
the coating first follows a polynomial fit with a linear tendency up tot =5 s and then,
for longer time (8 s <t < 30 s), follow a second order polynomial fit . The AFM images
show also clearly the ablation of the top of the coating with time. Increasingly deep
cracks appear with time on the top layer. Most probably, the high reactivity of the
oxidative agent generated under the tip is responsible of this phenomenon. The highly
polarized tip would thus act as a gun projecting very reactive agents able to etch the
top surface towards the substrate. Moreover, for long time of polarization of the tip at
a high anodic potential (t>5s for Eyme=7V/Ag wire), figure 20 shows that some parts of
the coating break off from the substrate in the 30 s chronoamperometry.
Accumulation of high electrical constraints and gaseous species formation (H,) at the
interface are certainly responsible for that behavior.
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Figure 20: Inside view of the "exploded" dot pattern resulting from high tip polarization for a
long time: 25 um-Pt UME, d = 10um, Eyye = 7V vs. Ag wire, Eg,, = -0.4V vs. Ag wire, t = 30s,
[AA]:2.0 mol. dm™, DNB:2 10° mol.dm™, H,50,:0.25 mol.dm”.

5.2. Potential/time optimization

In paragraphs 2 and 4, we have seen that the tip potential has to be more anodic than
5V vs. Ag wire to actually detect the localization when the duration of the electrolysis
is of the order of few seconds. We have also seen that degradation of the coating

III

appears for t > 5s. The “collateral” reactions mentioned just above could be a
drawback as the chemical integrity of the coating may be threatened without actual
control. For that reason, new attempts of localized grafting at lower tip potential were
undertaken (Eyme = 4V vs. Ag wire), hoping that the weaker the applied tip potential,
the weaker the rate of generation of disturbing oxidizing species, giving so time for

SEEP process to proceed before aggressive attack of the generated species.

In practice, we observe that when the tip potential goes down to 4 V vs. Ag wire, the
duration of the electrolysis has to be higher than 10 s to start the localization process.
Between 20 s and 60 s of electrolysis, the thickness of the coating keeps around 70 +
10 nm thick while its width is relatively constant and close to the tip’s diameter (fig.
21). Moreover, from the observation of the optical images of the grafted dots, any
appreciable cracking effect appears before 60 seconds of electrolysis.

In brief, a compromise must be found between the potential applied to the tip and the
duration of the electrolysis to observe localization: either we apply a high tip voltage
during a short time; either a low tip voltage is privileged during a longer time.
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Figure 21: Width and thickness of the coating obtained as a function of electrolysis
duration for Eyye =4V vs. Ag wire. 100 um-Pt UME, d/a = 0.4, E,;, = -0.4V vs. Ag wire,
[AA]:2.0 mol. dm™, DNB:2 10° mol.dm?, H,50,:0.25 mol.dm™. Scatter: experimental data, line:
fit data.

The same kind of experiments was undertaken in the presence of the diazonium salt
alone. If we polarize the UME at the threshold potential of 3V vs. Ag wire, the
localization process appears for t > 10s and the first signs of the degradation on the
top layer of the coating appear after 30 seconds (fig. 22). This observation reinforces
our assumption that the biased UME acts like a gun sprinkling the substrate with highly
oxidative species which “sputter” the top layer of the coating.

T(s)= 10 30 60 120 150 180 210 240 270 300 330 Eyye=3V Figure 22: Evolution of the
‘ ‘ 3 3 8 3_8 8 8 Esup=-0.4V growth of the localized dot
b as a function of electrolysis
time: (a) optical images, (b)
AFM analysis in contact

mode: 3D topographic
images. The x-y-z scales are

500|.|m

D01

equivalent for all the images
and 50 um x 50 um x 200 nm respectively. DNB:2 10° mol.dm?, H,504:0.25 mol.dm™, Eyye = 3V
vs. Ag wire, Eg,, =-0.4V vs. Ag wire, 25 um-Pt, d = 10um.
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On the above picture, we also observe clearly the presence of a “tail” on the back side
of the dot, effect totally absent in the case of the mixture NBD/AA. This effect has
certainly to be related to the escape of gaseous species formed at the UME which
occurs preferentially in a given direction. Under the influence of this flux, the reactive
species follow this direction and an image of that flux is "transferred" on the localized
grafting. The addition of AA in the solution in relatively high concentration (2 mol. dm’
3') modifies the superficial tension of the liquid and likely affects the gaseous emission.

To sum up, it seems that the growth of the grafted layer and its chemical abrasion are
in continuous kinetic competition with each other. Hence, decreasing the potential
applied to the tip together with increasing the electrolysis duration promotes the
grafting process with respect to the degradation one. The rate at which the species are
created (which depends on the potential of the tip), governs the homogeneity of the
coating. Lower rate gives more homogeneous coating but better localization requires
longer electrolysis time.

A second strategy to minimize the degradation effects resulting from a high anodic
potential applied to the tip, is to use the pulsed technique. In practice, the substrate
was maintained continuously at -0.4V vs. Ag wire while short potential pulses (7V vs.
Ag wire during 0.1s) were imposed to the tip. Between two pulses, the potential of the
tip relaxed to OV during 0.4s. On figure 23, we compare dots obtained with this pulsed
technique (electrolysis during 50 pulses of 0.1 s each) with respect to the one obtained
with the continuous way. In both cases, the total duration of the electrolysis was the
same and equal to 5s.

; Figure 23: Dots pattern obtained by the pulsed
E E| (a) and continuous (b) technique (see text for
. experimental detail). 50-um Pt, Eype=7V, Egup= -
- G 0.4V, [AA]:2.0 mol. dm?, DNB: 2 10° mol.dm?,
H,50,4:0.25 mol.dm?, d/a = 0.4.

200pm
e

The thickness of the dot pattern is of the same order in both cases (around 100 nm
thick). But, the grafted coating is obviously more homogeneous and less degraded with
the pulsed technique than with the continuous one. However, the width of the pattern
obtained with the pulsed technique is slightly enlarged (~ 10um larger) with borders a
little bit more blurred.

Rather than producing continuously a high concentrated flux of reactive agent, the
pulsed technique probably generates species in lower quantity which, during the rest
time, have time to diffuse rather than migrating to the substrate since the electrical
constraints are released. The pulsed approach allows thus to reduce considerably the
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degradation of the film and, from that point of view, represents a positive
improvement for this process.

6. XPS analysis of the localized grafted coating

Up to now, we have explored the main experimental parameters (potentials, working
distance, duration) that allow us to control satisfactorily the size and the shape of the
localized coating; we however have no control on the actual chemistry under the tip.
Table 1 synthesizes the XPS analyses undertaken inside and outside the localized
pattern, for the NBD/AA system and for the NDB one (we will report to the annex 1 at
the end of this chapter to have a complete XPS decomposition analysis of the peaks
recorded inside the pattern). This table shows, in both cases, that

(i) the coating is clearly thicker in front of the UME (as shown by the higher
attenuation of the Au 4f substrate signal inside the pattern than outside)

(i) the in/out comparison shows a satisfactory selectivity in particular for the
carboxylic functionalities (peak around 289 eV). The potentialities to exploit this
selectivity for driving local chemical derivatization (with, for example, biomolecules)
will be discussed in the perspectives of this work.

(iii) inside the pattern, the nitro group is partially preserved (peak around 406 eV)
while outside the pattern the nitro functionalities disappear. This behavior means that,
inside the pattern, nitro groups are partially hidden and protected by the thickness of
the layer against their reduction into amino derivatives.”! More precisely, inside the
pattern the N1s signal component at high binding energy is large, revealing the
presence of NO2 and additional oxygenated species. We can assume that, inside the
pattern, some oxidation of NO, groups into nitrate species occurs. This observation has
to be related to the oxidative medium which predominates in the tip / substrate gap.

(iv) for both inside and outside analysis but much more marked for the inside one, the
oxygen detected is in excess (about 25%) with respect to the carboxylic group
detected on the C 1s spectra, even if the contribution of the nitro group (for the inside
spectrum) is added. This excess corresponds to oxygenated species like hydroxyl,
carbonates and nitrates groups, coming from reactions in our electrolytic solution with
the highly oxidative species generated during electrolysis. It must be recalled that this
excess of O is not observed for the electrografted coating realized in a non local way, i.
e. without electrolysis of water. In this latter case the area of the O 1s peak fits at more
than 95% to the sum of the contributions of the NO, and -COOH functions.
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Table 1: Elemental map of Au obtained by XPS mapping analysis on localized grafted gold
substrate. Acquisition conditions: X-ray source= 225W, high resolution FoV2 (400 x 400 um’),
and pass energy= 160eV. Au 4f, C1s, N 1s, and O 1s core level spectra of the coating recorded
inside (red) and outside (blue) the grafted pattern. (top), decomposition of the inside peak
(bottom). Acquisition conditions: X-ray source= 225W, high resolution FoV2 (55 x 55 um?), and
pass energy=40 eV.

Left: DNB:2 10”° mol.dm™, H,50,:0.25 mol.dm™, 100 um-Pt, d = 20um, t=5s

Right : [AA]:2.0 mol. dm™ DNB:2 10 mol.dm?, H,50,:0.25 mol.dm?, 50 um-Pt, d = 20um, t=>5s.

Another aspect of the process that we have not yet discussed in detail (although it is
essential for the localization) is the ionic force of the electrolytic solution. Indeed, all
the above experiments were carried out in acidic solution without the addition of a
supporting electrolyte. Nevertheless, UME and substrate electrodes exchange
electrons through the solution thanks to ionic transport. According to the model
developed by Osteryoung et al.l® (studying the electroreduction of protons in presence
or not of a supporting electrolyte in the solution), ionic transport is mainly supported
by the migration of the ionic species present in the solution (H*, HSO,, "N=N-ONO,;
BF,) in the absence of a supporting electrolyte. These ions migrate, with different
rates (as a function of their own mobility) to the cathode (the substrate) for the
cationic species and the anode (tip) for the anionic species, respectively. When the tip
is biased at high anodic potential and the substrate at moderate cathodic potential, a
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high electric field between both electrodes is created which is the driving force for
migration of the ions. Moreover, cationic species (H*, "N=N-ONO,) moving to the
cathodically polarized substrate can be reduced at its surface. The reduction process is
kinetically promoted under the tip because it is the place where the ohmic drop is the
lowest. The migration flux of the electroactive species generates, in the confined tip /
substrate gap, electro-convection movement of the solution. Indeed, near the
substrate, a zone characterized by a low concentration in ionic species is created
(cations are reduced and anions have migrated to the tip) whereas near the tip an area
rich in ionic species is generated (anions coming from the migration and cations
produced by water oxidation).[9] Therefore, electro-convective flux of the solution can
take place from tip to surface and vice versa, delimiting the reactive zone!'%*2,

Let’s now replace the sulfuric acid by a supporting electrolyte in the solution (e.g.
K>SO, 0.25 mol. dm's)while maintaining a low pH in the medium. In this condition, the
migration effect is mainly supported by K" and S0,> ions, but the flux associated to
these species is null as these ions are electrochemically inert. Therefore, the ions
responsible for the cathodic current are transported to the cathode by the hemi-
spherical diffusion process. As a consequence, the localized grafting shows a ring in the
presence of the supporting electrolyte instead of a dot (fig.24).

Figure 24: optical images of dot realized

HQSO4/AA KQSO4/ HQSO4/ With'and without_;suppoTting_si‘alt: .
[AA]:2.0 mol. dm~, DNB:2 10° mol.dm”~,

/NBD NBD NBD H,50,:0.25 mol.dm™; DNB:2 10°

- mol.dm™, K,50,:0.25 mol.dm™; DNB:2
10 mol.dm?, H,50,:0.25 mol.dm”.
Eunmie=7V, Esub=-0.4V; 100 um-Pt, d =
20um, t=>5s.

500um

7. Plausible steps mechanism responsible for the localized
electrografting

It is very difficult to describe the global mechanism responsible for the localized effect
because we do not have experimental analysis techniques able to detect in situ the
chemical nature of the generated species during the localized electrografting process.
Moreover, it is difficult to reproduce at a macroscopic scale what is likely to occur in
the specific SECM geometry. However, we know that:
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- the localization process starts only when the oxidation regime of water is
achieved. In this condition, a cathodic current is induced on the substrate when the tip
is placed in the feedback distance, i.e. d/a < 1.6. This cathodic current corresponds to
more than 90 % of the anodic current in the absence of vinylic monomer and/or
diazonium salt in solution. When these components are present in solution, the
collection of the current on the substrate decreases because of (i) the passivation of
the substrate by the formation of the polynitrophenylene film, (ii) the consumption of
the tip-generated species by the reactants in the tip/substrate gap.

- in the absence of supporting electrolyte, the protons produced at the tip have
to migrate rather than to diffuse to the substrate where they can be reduced in order
to obtain a well defined localization.

- different neutral, radical and ionic species are produced or concentrated
specifically in the tip / substrate gap: O,, H,, H,0,, H,0", HO®, S,05°, H*. These products
react with components of the electrolytic solution ("®-NO,, acrylic acid (HA or A),
*N=N-O-NO,) to induce grafting and initiate the polymerization of the vinylic
monomer.

- the components of the electrolytic solution can also be partially degraded by
the reactive medium generated under the tip as suggested by the oxygen derivates
detected by XPS on the coating.

This highly complex system results from the high and unusual potentials applied to
UME within an aqueous media. The electrodes can be considered as two separated
reactors mutually influenced when placed in a nearby position. The highly positively
polarized Pt micro-disk generates radicals and cations which are collected on the
negatively polarized surface of the substrate. Consequently a local induced current is
detected on the substrate. Our electrochemical environment is thus very complex and
it is really difficult to evaluate precisely the role played by each component of the
electrolytic solution on the localized process. Moreover, most of the identified
parameters are interdependent. We are thus reduced to express reasonable
assumptions to explain the localized process. The following scheme mimics plausible
reactions in the case of the localized grafting from the diazonium salt alone. When
acrylic acid monomer is present in the solution, the main steps of the localized grafting
process are not modified, the vinylic monomer acting overall as a scavenger for
radicals, limiting so their spatial extension.
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1/ reduction of the diazonium salt on the substrate to form a polynitrophenylene-like
film. This film is formed on the entire surface of the substrate but remain very thin (<
10 nm) outside the tip region

NO,

2/ water oxidation at the tip

0 NO,

H*
20 pum
< <
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3/ concomitant reduction of protons on the substrate

4/ secondary reactions in the tip / substrate gap, for example: nucleophilic attack of
the nitro group by OH activated species (“phenolysation effect”*¥), preferential
reduction of the nitro group into amine function outside the tip region, oxidation of
the phenyl group by very oxidative reagents generated under the tip, radical reaction
initiating the polymerization of the vinylic monomer (when present).
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5/ formation of a localized grafted coating on top of the primer polyphenylene-like
one.

100 a 150 um

203240 nm

From the above sections, it is quite obvious that the reactions which take place under

the microelectrode are complex and difficult to identify precisely. All the experimental
investigations anyway show that the electrolysis of water is the key factor responsible
of the localization. The resulting very reactive generated species induce chemical
reactions in chain, which, most probably, occur more or less simultaneously rather
than in different steps as presented above for clarity.

8. Extension of the process to other conducting and semi-conducting
substrates (Pt, graphene, n-type Si)

In the previous sections, we described and commented the conditions for which a
localized grafting can be observed on a gold surface. Let’s now study the extension of
the process to various conducting or semi-conducting substrates. We can, in principle,
extend the process to any conducting or semi-conducting surface if this one is able to
be polarized at a sufficiently cathodic potential to reduce protons and if the nature of
the substrate is compatible with the acidic environment required by the process. Three
substrates were then tested successfully:

e platinum
e graphene
e n-type doped silicon
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Pt surface

Platinum surfaces, well kwown for their catalytic properties towards the reduction of
protons, were tested in local grafting process. We performed chronoamperometry
experiments where the Pt substrate was kept constant and equal to -0.4 V vs. Ag wire
while the potential of the 100um-Pt UME was scanned in the range of 1 V to 10 V vs.
Ag wire. The other experimental parameters were the same as previously, i.e. 5 s time

of polarization, and d/a =0.4.

In figure 22, we compare dots obtained for Pt and Au substrates respectively, for
equivalent experimental conditions. We observe that, as for a gold substrate, the
localization effect on Pt starts from Eyve > 5 V vs. Ag wire for short polarization
duration (5s). The size and the thickness of the localized coating are equivalent on both

substrates.
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Figure 22: Optical image of grafted dots on Pt and Au substrates for different potentials applied
to the UME and corresponding currents Iy (W) and Iy, (B) for Pt substrate.
[AA]:2.0 mol. dm™, DNB:2 10° mol.dm™, H,50,:0.25 mol.dm™, 100 um-Pt, d/a=0.4, t=5s.
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Graphene

Graphene was recently taken huge interest in miniaturized electronics due to its

3 sensor, 128!

unique properties and potential applications in capacitors,[”] cell images,[1
devices,m] drug deIivery“gl and solar cell.™ The graphitic layers are conductive and
they are able to be connected as working electrodes. On figure 23, we report the
voltamperogram obtained for the reduction of nitrobenzene diazonium salt in

presence of acrylic acid in acidic solution in a non local way.
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Figure 23: cyclic voltamperometry of grapheme substrate electrografted by PNP-PA; grafting
solution NBD 0.002 mol/dm’, AA 2 mol/dm?, H,S0, 0.25 mol/dm?, scan rate 20mV s™.

As on Au and Pt substrates, the passivation of the surface occurs resulting from the
formation of the grafted film. XPS spectra recorded on the grafted substrate present
the characteristic features of the PNP-PAA layer: (i) carboxylic contribution detectable
at 289.0 eV on the C 1s spectrum (this one appears very small on the spectrum
because the C 1s core level spectrum is dominated by the signal of the carbon coming
from the grapheme substrate) (fig. 24a); (ii) peaks corresponding the NH,, N=N, NHs",
and NO; functions, respectively on the N 1s core level spectrum (fig. 24b).
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Figure 24a: XPS C 1s core level spectrum recorded on the grafted coating obtained on graphene

substrate .
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Figure 24b: XPS N 1s core level spectrum recorded on the grafted coating obtained on graphene

substrate.

Figure 24 shows the localized dots obtained by applying the same experimental setup
as for Au and Pt substrates, i.e. substrate potential kept constant and equal to -0.4 V
vs. Ag wire, 25um-Pt UME potential scanned in the range of 1V to 10 V vs. Ag wire, 5 s

time of polarization, and d/a =0.4.
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Figure 24: optical image of localized dots realized at different UME potentials and
corresponding currents Iy (M) and I, (). [AA]:2.0 mol. dm™ DNB:2 10° mol.dm™,

H,50,4:0.25 mol.dm™, 100 um-Pt, d = 20um.

These results show a good selectivity and a behavior similar to the one observed with

the metallic surfaces.
Doped Silicon

Electrografting of the mixture NBD / AA takes also place on n-type silicon substrate.
The XPS analysis of the grafted coating corresponds well to the PNP-PAA bi-layers-like
film with the usual characteristics for the different components (C, N, O) (fig 25 a, b, c,

respectively).
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Figure 25a: XPS C 1s core level spectrum recorded on the grafted coating obtained on n-type Si

substrate.
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Figure 25b: XPS N 1s core level spectrum recorded on the grafted coating obtained on n-type Si

substrate
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Figure 25c: XPS O 1s core level spectrum recorded on the grafted coating obtained on n-type Si

substrate.

A 100um-Pt UME was placed at 20um (d/a =0.4) from the surface; its potential was
scanned by chronoamperometry during 30s in the range of 1 to 10 V vs. Ag wire, while
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the substrate potential was fixed at -0.4 V vs. Ag wire. Under these conditions,

localized dots were formed for Eyme > 7 V vs. Ag wire (fig. 26). This higher starting

potential for the local process compared to the one observed on metallic surfaces

comes from the intrinsic higher resistivity of the Si substrate.
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Figure 26: Optical image of grafted dots on silicon for different potential imposed to UME and
corresponding currents lyy: (M) and Iy, (). [AA]:2.0 mol. dm?, DNB:2 10° mol.dm?,
H,50,4:0.25 mol.dm™, 100 um-Pt, d/a = 4.

The integrity of the chemical functions of the local grafted film was checked by local

XPS analysis (fig. 27) and shows a less oxidative degradation of the coating than the

one observed in the same conditions on the metallic substrates.
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Figure 27: (a-c) C 1s, N 1s, and O 1s core level spectra of the coating recorded in (red) and out
(blue) the grafted pattern. Acquisition conditions: X-ray source= 225W, high resolution FoV/2
(55 x 55 um’), and pass energy= 40eV. Insert: decomposition of the inside peak .

[AA]:2.0 mol. dm™ DNB:2 10° mol.dm™, H,50,:0.25 mol.dm™, 100 um-Pt, E =10 V/Ag wire,
E..,=-0.4V/Ag wire, d/a=0.4, t=30s.

To conclude, the localized process seems thus able to be extended to many conducting
and semi conducting substrates, free from corrosion or degradation in the
experimental conditions if the substrate is able to reduce the diazonium salt (to form
the primer adhesive layer) and the tip-generated species with a satisfactory yield.
More particularly, by computing the results obtained on the different substrates (fig.
28 and table 2), is appears that the potential conditions applied to both the substrate
and the UME have to induce, on the substrate, a collection coefficient higher than 0.3
to observe the starting of the localized effect. Although very unusual potential
conditions have to be reached to observe localization, the chemical integrity of the
grafted coating is roughly preserved even if more oxygenated fragments are present in
the localized film than expected by the theoretical stoechiometry. This effect can
eventually be exploited in order to build patterned hydrophilic / hydrophobic
substrates, which can find interest the micro-fluidic domain. First attempts in that way
will be presented in the perspectives of this work.
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Figure 28: substrate current /tip current ratio vs. UME applied potential for different
substrates: (red) gold, (black) platinum, (blue) grapheme, (cyan) n-type Si. E,,;, is held constant
at -0.4 V vs. Ag wire and -0. V vs. Ag wire for conducting and semi conducting substrates,
respectively.

[AA]:2.0 mol. dm™, DNB:2 10° mol.dm™, H,50,:0.25 mol.dm™.

Conditions for the local process starting
Duration of
E V/Ag wi Esup (V/Ag Wi
ume (V/Ag wire)  Egu, (V/Ag wire) electrolysis
Au 3 -0.4 10
Pt 3 -04 10
Grapheme 5 -0.4 30
Si 7 -0.4 30

Table 2: Experimental conditions for the starting of the localization process on different
substrates by chronoamperometry. [AA]:2.0 mol. dm?, DNB:2 10° mol.dm?, H,50,:0.25
mol.dm™, d/a=0.4.
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Annex 1:

XPS analysis of the grafted coating inside the localized pattern.
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N 1s Peak FWHM N 1s Peak FWHM
BE (eV) (eV) BE (eV) (eV)
a 399.2 1.6 a 399.2 1.6
b 400.2 1.5 b 400.1 1.2
C 401.3 1.5 C 401.5 1.0
d 402.9 1.7 d 403.4 1.3
405.7 1.6 406.0 1.7
f 406.8 1.6
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Binding Energy (eV)
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BE (eV) (eV)
a 531.7 16 a 531.3 1.4
c 533.8 15 c 533.3 1.3
d 353 16 d 534.5 1.5

Decomposition of the C 1s, N 1s, and O 1s core level spectra of the coating recorded the grafted
pattern. Left: DNB:2 10> mol.dm™, H,5S0,:0.25 mol.dm™, 100 um-Pt, d = 20um, t=5s
Right : [AA]:2.0 mol. dm™, DNB:2 10° mol.dm™, H,50,:0.25 mol.dm™, 50 um-Pt, d = 20um, t=5s.
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CHAPTER 5

SECM AS AN ETCHING TOOL FOR ITO (INDIUM TIN OXYDE) SURFACE OR
A NEW TECHNIQUE TO PATTERN TRANSPARENT CIRCUITS

1. Introduction

In this study, we present a new technique of micropatterning of Indium Tin Oxide (ITO)
thin films deposited either on glass or on transparent flexible substrates.

ITO is a wide band gap n-type semi conductor known for its high transparency and
good conductivity when deposited as a thin film (few hundred of nm) on glass or
flexible substrates. With the development of new display technologies, patterned ITO
films has enormous growth potential and can find applications in any devices that
require transparent and conductive electrodes, such as optically transparent sensors,
bioelectronics sensing, micro-nano structuration for optical devices™, light emitting
diodes (LED) or organic light emitting diode (OLED) displays®® ¥, organic solar cells™ ...
An important step in the ITO manufacture consists in the electrode patterning through
a lithographic approach. All available techniques for ITO patterning are based on the
etching realized by the removal of the negative image of the desired motif; the
remaining material on the support is the desired transparent circuit.

Following the large interest of the market, many etching processes have been studied
and optimized for industrial production. Available techniques can be classified in two
categories: wet etching and dry etching.

Wet etching ®7 is the traditional technology based on classical photolithography (see
chapter 3), followed by a chemical ablation with an acid solution on the unprotected
surface zones (fig. 1a). However this approach usually leads to many problems in the
manufacturing procedure arising from chemical pollution, under-cut effect” &,
damages of surface, linking of several steps (masking, etching, cleaning), high cost.
Defects of this approach lead to a global degradation of the electrical and optical
properties of ITO."!

Dry etching ' ***® by laser photoenergy leads to the vaporization of the ITO film and
to clean patterning that can be made in any possible shape easily (fig. 1b). The laser
direct writing method should replace the wet approach improving both the cost, the
duration of the process and its final result; in fact it is a non-contact technique working
at high speed with high-accuracy. Thermal effect and environmental pollution is
minimized. However two important problems remain unresolved:
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e Flexible substrates based on polymers are damaged by laser beam and loose
their optical and mechanical properties

e Vaporized material condenses on the edge of the patterning and therefore,
sensibly changes the thickness of the ITO film. This kind of defect can
compromise the functionality of the entire device normally constituted by
successive nanometer-thick layers.

PR Native ITO

PET substrate

Figure 1: Two examples of ITO deposited on flexible PET ® substrate etched by classical ways:
(a) laser ablation: damages are clearly visible on the ITO part of the substrate
(b) chemical etching by immersion during 120s in a (10%), solution of HCl in water.

2. SECM: a new method to carry out ITO etching

SECM has proved efficient for patterning oxide films with high precision while
preserving the substrate properties. Its amazing characteristics combine the best of
other techniques to give a wet etching in a quick and inexpensive way:

e One step process

e Non contact lithography

e Simple agueous solution (green chemistry)

e Not limited in surface size (mm-+m)

e Not limited in etched surface (50um-=cm)

e Free from pre-treatment or washing

e No pollution of the surface

e Perfect shape of edge and dissolution of etched products
e It works on functionalized or coated ITO surface

e |t can be adapted to a roll-to-roll or sheet-by-sheet process
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3. Proof of concept

ITO substrates (purchased by Prazision Glas & Optik, GmbH (PGO) have a low
resistance (<10 Q/sq). The thin oxide film is 120+200 nm thick and was cleaned ethanol
and deionized water before the use. The ITO substrate was then placed in the SECM
cell and positioned parallel to the X-Y microscope plane. The approach and the
planarization were carried by the use of a solution 5x10°mol.dm™ of Fe®* and
0.1mol.dm™ KCI. The 100um UME was polarized at -0.4 V corresponding to the iron
reduction potential. On the base of the approach curve, the working distance of 20um
(d/a=0.4) was selected.

The etching was carried out by chronoamperometry in a four electrode configuration.
The UME was placed at a feedback distance and connected as working electrode
(WE1), the ITO surface played the role of the second working electrode (WE2). A
platinum wire (1 mm diameter), and a silver wire (1 mm diameter), were used as
counter electrode (CE) and quasi-reference electrode (RE), respectively. The selected
electrochemical solution was composed by an aqueous solution of acrylic acid (AA)
2mol.dm™ and sulfuric acid (H,S04) 0.25mol.dm™. This electrochemical system was
used in static and in dynamic mode to realize either dots or lines. The applied potential
was similar to that chosen for localized electrografting (10 V vs. Ag wire at WE1 and -
0.4 V vs. Ag wire at WE2). In the following graphs (fig. 2) are reported the applied
potentials (a) and corresponding measured currents (b).

as] — UME
[a) 5[]

25 ]
B an]
15
B 184

LER
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284
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Figure 2: Electrochemical dot etching: (a) applied potential at the UME (black) and the surface
(red) during 5s; (b) measured currents; (c) optical image of the resulting dot. UME 100um-Pt,
0d/a=0.4, E =10V, E,,,=-0.4V; [AA]=2mol.dm™, [H,50,]=0.25mol.dm".

At the UME, a constant current was measured. This current was only perturbed by
bubbling that modifies instantly the electrode surface generating a noise on the
measured current. At the surface, we observed, a rapid decrease of the past current in
the first second of the potential application; its value then stabilized on a low negative
value, around -100pA.

X-ray photoelectron spectroscopy analysis carried out with the 110 pum XPS
microprobe, inside the etched cavity (yellow circle on fig. 3) compared to the non
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etched outside area confirms the complete removal of the conductive oxide layer in
the treated zone (table 1).

HEE080: 3{HES04 - Lo | e _ _ Figure 3: Elemental map of In obtained
¥ . by XPS mapping analysis on localized
etched ITO substrate. Acquisition
conditions: X-ray source= 225W, high
resolution FoV 1 (800 x 800 um’), and
pass energy= 160eV. Yellow circle: area
for the recorded XPS core levels spectra.
Etching conditions: E = 10 V vs. Ag
wire, E;rp =-0.4V vs. Ag wire, [AA]:2.0

oy T mol. dm™ H,50,:0.25 mol.dm, 100 um-
LA B L Pt, d = 20um, t=5s.
.J'-.i-."' Tt e
.-.' o -“‘.1 l..‘. L
e
SR
YA P
200 microns
Element Atomic% Atomic%
Inside the etched zone | Outside the etched zone
(0] 52.8 33.6
Sn 0.1 2.2
In 0.4 20.4
N 2.4 0.6
C 13.2 41.9
Si 31.1 1.2

Table 1: Sn, In, and Si atomic percentage extracted from the respective core levels XPS spectra
recorded inside and outside the etched area. Acquisition conditions: X-ray source= 225W, high
resolution FoV2 (55 x 55 um?®), and pass energy= 40 eV. Etching conditions: Eyye= 10 V vs. Ag
wire, E;ro =-0.4V vs. Ag wire, [AA]:2.0 mol. dm™ H,50,:0.25 mol.dm>, 100 um-Pt, d = 20um,
t=5s.

In the created cavity, the Sn and In components are thus reduced by more than 95%
and 99% percent respectively. The etching process is thus able to ablate the
conductive layer up to the glass support as proven by the emergence of the Si signal.
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The clear-cut of the shape of the etched pattern is evidenced by AFM analysis. Figure
4a reports the 3D topographical image of a line cavity realized on an ITO thin film
deposited on glass and obtained with a 25-um Pt tip. The width of the line is 40 um
and the edges of the cavity appear as abrupt walls as shown on the recorded profile
(fig. 4b). The small walls deviation from the perpendicular was evaluated at 7° and
corresponds to lateral overetching of 20nm for ITO on glass.

70

b

150
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Figure 4: (a) 3D topographical AFM image of the terminal portion of an etched line on ITO
substrate. (b) Profile of the etched line. Etching conditions: Eyye=7V vs. Ag wire, Ejro = -0.4V vs.
Ag wire, [AA]:2.0 mol. dm™, H,50,:0.25 mol.dm™, 25um-Pt, d = 10um, v=100um/s.

The homogeneity of the etched area, the clear-cut of the edge and the absence of
redeposited material on the side of the line should all be highlighted; all are
remarkable properties but are seldom joined together in the same process with the
usual dry or wet techniques.

The lateral resolution of the technique was evaluated on the base of a sharp angle
designed with a couple of lines inclined of 3° and realized with a 25um-Pt UME (fig. 5).
The intrinsic properties of the ITO (15 ohm resistivity and 200 nm thick) are well
preserved until the track reaches 10 um width. Below this value, the track is partially
etched and its thickness goes down regularly until the electrical conductivity is lost
(width < 3 um). However, the etching minimal size can certainly be reduced more
through the use of smaller electrodes (<25um) by analogy with localized
functionalization with AFM-SECM.
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Etchedline 1

Figure 5: optical image of the unetched ITO microtrack obtained with two etched lines in
dynamic mode, and 3-D AFM topographic image of the end of the sharp angle. Etching
conditions: Eyye= 7 V vs. Ag wire, Eirp = -0.4V vs. Ag wire, [AA]:2.0 mol. dm?, H,50,:0.25
mol.dm?, 25 um-Pt, d = 10um, v = 100um/s.

4. Parametrical study
4.1 Influence of the applied potentials

The potential applied to both working electrodes was varied in the interval between 1
and 10V at the UME, with the surface polarized at -0.2V, and between 0 and -0.5V at
surface with the UME polarized at 7V. For both configurations (Scan of Eyye at
constant Egy, and scan of Egyp at constant Eywe), currents passed through the two
electrodes were recorded simultaneously and reported on figure 5al and 5a2,
respectively. On this figure, we also plot the width of the etched pattern as a function
of the applied potential to the UME (fig. 5b1) and to the ITO substrate (fig. 5b2). Finally
we show the optical images of the etched zones as a function of the experimental
conditions (fig. 5c).
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Figure 5: Electrodes potential scan in static mode. (1) UME potential scan, E,,,=-0.1V; (2)
surface potential scan, Eyn=7V. (a) Measured currents; (b) measured width; (c) optical image
of etched dots. UME 100um-Pt, d/a=0.4; [AA]=2mol.dm>, [H,50,]=0.25mol.dm?, t =5 s

When we scan the Eyme from 1V to 10V while the Egp is maintained constant, we
observe that, as for the local electrografting process on conductive substrates, the
etching process starts from 4V vs. Ag wire applied to UME. In these conditions, by
using a 100-um Pt UME, the width of the etched dot pattern is about 80 um. As shown
on figure 5b1, the width of the pattern increases linearly with the UME potential.

The surface scan shows a different behavior (fig. 5b2): the width remains relatively
constant until Egyy, is less negative than -0.3V vs. Ag wire. Beyond this threshold value,
the size of the etching starts to grow. We can also note that the increase of the width
of the etched cavity corresponds simultaneously to the increase of the cathodic
current on the substrate.

In conclusion, as for the electrografting process, the size of the etched pattern is
essentially governed by the potential applied to the UME: by varying the UME
potential from 4V to 10V, the value of the current measured on the tip is multiplied by
five just as the width of the etched zone.

4.2 Influence of the working distance

The influence of the working distance on the size and the shape of the etched area was
studied in the range of 0.1 < d/a < 2. For this set of experiments, the ITO substrate was
polarized at -0.2V vs. Ag wire and the microelectrode was biased at 7V vs. Ag wire. As
shown on figure 6, we observe an increase of the width of the etched pattern with the
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working distance until d/a=1.4; beyond this value, the width decreases slightly and the
localization effect is lost for d/a > 2.
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Figure 6: Width of the etched dots as a function of the normalized working distance.
chronoamperometry, 100um-Pt UME, Ey: = 7V vs. Ag wire, Ey,, = -0.2V vs. Ag wire, t=5s,
[AA]=2mol.dm>, [H,50,]=0.25mol.dm".,

It must be noted that when the working distance is higher than 70 um (for a 100-pum
UME), the etching process becomes incomplete with less defined edges. At d/a=2, for
example, it remains ITO film about 50nm thick in the cavity.

4.3. Nature of the electrolytic solution optimization

Different electrolytic solutions were tested and compared with respect to their
efficiency towards the etching process in terms of homogeneity of the etched area,
clear-cut of the edge and absence of redeposited material on the side of the etched
area. The results are summarized in table 2. For all these experiments, the 100-um Pt
UME was placed at 20 um from the surface (d/a=0.4), biased at 10 V vs. Ag wire during
5 s while the ITO substrate was polarized simultaneously at -0.4V vs. Ag wire.

Electrolytic Optical image of the etched Comments

solution zone

H,O Local water electrolysis is able to
Eume =10V, ‘ : etch the ITO substrate but leads
Esub=-0.4V, 100 \ & to an undefined etched area.
um-Pt, d/a=0.4, 100 wi:

t=5s
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H,S0,4 0.25 Enlarged etched zone with non
mol.dm™ abrupt edge

Eume =10V,
Esw=-0.4V,
100 pm-Pt,
d/a=0.4, t=5s S,

AA 2 mol.dm’; well defined etched area
H,S0, 0.25
mol.dm™
Eume =10V,
Esupb=-0.4V,
100 pm-Pt,
d/a=0.4, t=5s

Acetic acid (AcA) some residual material in the
2 mol.dm?, etched zone

H,S04 0.25
mol.dm™
Eume =10V, 100pm
Eswp=-0.4V,
100 um-Pt,
d/a=0.4, t=5s

Table 2: optical images of the etched zone as a function of the composition of the electrolytic
solution

From these results it is clear that electrolysis of water at high anodic potential creates
species able to dissolve the thin oxide film. Indeed the local oxidation of water
generates, in the small volume gap between both electrodes, a continuous and
chemical aggressive flow of protons and radical oxygenated intermediates which give
rise to the etching. The species coming from the electrolysis of water in our given
electrochemical conditions is thus able to attack the ITO thin film. The “star” shape of
the etched zone disappears in the dynamic mode and a homogeneous line can be
obtained. The introduction of sulfuric acid improves the regularity of the pattern, but
only acrylic acid and acetic acid give a regular shape to the etched area. This behavior
has probably to be related to the capability of these acids to bring and maintain in the
solution by complexation the removed ions from the ITO substrate.

However, a possible drawback of the etching process described above is the presence
of sulfuric acid in the electrolytic solution. Indeed, this acidic medium can damage soft
flexible substrates such as PET film on which ITO thin film can be deposited. This kind
of flexible conductive surface is more fragile than glass, as the polymeric substrate
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limits the compatible post treatments. In particular, the annealing treatment used to
homogenize the ITO structure is then prohibited. Consequently, the oxide thin layer
presents some defects and is less resistant to chemical attacks. In response to this
problem, a solution of acrylic acid in the absence of sulfuric acid was tested as etching
agent in the SECM environment. By biasing the UME at high anodic potential in a
solution containing only concentrated acrylic acid (2 mol.dm?), it was possible to etch
the ITO layer deposited on a polyethyleneterephtalate (PET) substrate without damage
to this flexible substrate (fig. 7). The performances of the etching process are
preserved: clear-cut and no redeposition of the layer on the borders.

Figure 7: Optical image of etched ITO deposed on PET.
Dynamic mode at 100um/s. UME 25um-Pt; d/a=0.8;
[AA]=2mol.dm”.

4.4. Application of the process to different substrates

In this section, our objective is to study the potentialities of extending our etching
process to different coated or modified ITO surfaces. These substrates may have
applications in several fields. For example, the oxide functionalization of ITO is widely
study for the energy photo-production field™ **!,

To explore this domain, we synthesized a multi-layered film based on TiO, (n-type
semiconductor) and NiO (p-type semiconductor) deposited cleaned ITO substrates.
These multi-layered films were prepared as followed: a titanium oxide (TiO,)
nanoparticles dispersion, purchase from Solaronix (Ti-nanoxide HT-L/SC), was
deposited by spin coating (3000 rpm, 60s), and then annealed in a furnace at 140°C for
1 hour. The average thickness of the samples was 150 nm. A similar treatment was
use to nickel oxide (NiO) deposition to obtain a 50nm thick coating. For comparison,
the same deposition process of TiO, and NiO was applied directly on pure glass sheet.

When TiO, and NiO are directly deposited on glass and submitted to the etching
protocol (Eyme=10V/Ag wire, Eg,=-0.4V/Ag wire), any appreciable effect or
modification of the surface can be detected as observed by optical microscopy.
However, the presence of the ITO conductive film under the oxide allows the localized
etching to occur as shown on figure 8.
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TiO, NiO
Epe= 10V 9V 8y 7V 8V

—

Figure 8: Optical images of etched dot on ITO surface modified by TiO, and NiO deposition
for different Eyyg. Esup, =-0.4, 50um-Pt UME, d/a=0.4, t=5s, [AA]=2mol.dm’

This last result highly suggests that ITO removal starts from the surface, catalyzed by
the local chemical conditions produced under the UME. But those local chemical
conditions alone are not able to etch the TiO, or NiO oxide layer itself.

5. Fields of applications

Using the home made Elecdraw2.0 software combined with the SECM instrument, it is
possible to lithograph any complex electrical circuit on ITO substrate. The etching
lithography process consists in biasing the microelectrode and the substrate to 7V vs.
Ag wire and -0.2V vs. Ag wire, respectively. The UME positioned at a fixed working
distance (d/a=0.8 for 25um-Pt UME) was then moved in the x-y plane above the
substrate at 300um/s. The use of Elecdraw2.0 software enables automatic drawing of
the pattern. Figure 9 shows an example of such a circuit.

R=150Q2 R==

500pm

A

Figure 9: Example of electrical circuit designed by etching lithography on ITO substrate. E ;=
7V, Eqp =-0.4V, 25um-Pt UME, d/a=0.8, v =100um /s, [AA]=2mol.dm™.

The tracks (clear zones on the optical image) separated by an etched area (dark zones
on the optical image) are perfectly electrically insulated as checked by the electrical
resistivity measurement which tends to infinite. On the other hand, the resistivity of
the conductive tracks itself is not affected by the etching treatment.
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This experiment demonstrates thus that it is possible to electrically isolate a portion of
the ITO substrate. As a consequence, if we submit a patterned ITO surface to the
electrografting process, only the connected tracks undergo the reduction process and
electrografting develops only in these areas. This behavior was checked experimentally
as show in figure 10. We have isolated an ITO square by SECM etching and the sample
was then submitted to electrografting of a Ru-containing photosensitizer (red colour).
We can clearly see that the isolated ITO square is not grafted with Ru-photosensitizer
thus confirming the electric isolation of the square from the substrate. The
photosensibiliozer  ([Ru(bipy),(bipy-ph-N,")](PFs); (abbreviated as Ru(bipy);’*)) was

synthesized as described by Jousselme et al.l®

Figure 10: patterned ITO substrate by local
etching. 100um Pt UME; d/a=0.4; scan speed
50um.s™. [AA]=2mol.dm>,
[H550,]=0.25mol.dm™. Electrografting of
diazonium salt only on the electrically
connected tracks. Modified Ru(bipy)s”* (0.002
mol.dm?) in acetonitrile/TEAP (0.1 mol.dm™);
cyclic voltamperometry from 0V to -2V at 100
mV.s™ vs. Ag/AgNO; (0.1 mol. dm™) in
acetonitrile.

To resume, we are able to generate thin conductive tracks that can be useful in several

7]

domains, (for example cell culture™™” or microfluidics[ls]) and conductive micro tracks

can be modified by electrochemistry to introduce chemical functionalities.

Another field of applications for which the ITO patterning can be attractive is the OLED
manufacturing domain. The OLED process is complex and very sensitive to any
perturbation such as the contamination of the ITO substrate. In that case, the OLED
transmission fails. So as, to realize an OLED on a patterned ITO thin film on a flexible
substrate is not a trivial challenge. In collaboration with the group, we took up the
challenge. The Charlie Chaplin’s portrait was printed by local SECM etching on the ITO
flexible substrate, which was then coated with the organic multi layers necessary to
the good performance of the OLED. The result shown in figure 11 speaks for itself. The
dark areas represent the disconnected ITO.
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Figure 11: Charlie Chaplin’s portrait imprinted on ITO flexible substrate by local SEM etching to
realize an OLED.

6. Conclusions

Several advantages can be found in SECM etching of ITO films:

(i) similar to laser ablation no mask is needed and any pattern can be obtained in a
quick time when the SECM is coupled to a drawing software. The etching of the ITO
film can also be made by a preformed microelectrode to obtain directly the desired
shape.

(ii) this technique is suitable for a roll to roll or sheet by sheet process.
(i) it leads to clean etching with straight walls and no redeposition of the ablated part.
(iv) the substrate (glass or plastic) is not damaged by this technique.

(v) the minimal cropped line of ITO is 10 um width. For the transfer to larger surfaces
there are no limitation for the (micro) electrode size and shape.

(vi) the isolation-delimitation of ITO domain gives important supplementary facilities.
Electro grafted polymers can be localized on different tracks of the same sample
creating a pattern of functional surface.
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CONCLUSIONS AND PERSPECTIVES

At the crossroads of multiple disciplines (physics, chemistry, biology, mechanics, etc),
nanotechnologies and nanosciences appear today among the major fields of research
for the coming years. Nanotechnology aims at working out new materials and
components increasingly smaller, more powerful, lighter and less expensive. In
parallel, nanosciences tend to understand and explore new phenomena, which appear
only at the nanometre scale. Our work falls under both fundamental and applied
themes, since it concerns localized modification of surfaces. It is only relatively recently
that electrochemistry joined the field of nanotechnology thanks, among others, to the
development of the SECM as this technique enables both surface analysis and surface
modification.

Our group has historically been developing the electrografting of vinylic polymers via
an electro-induced anionic polymerization that starts from a precursor chemically
bound to the electrode. A second family of precursors, aryl diazonium derivatives, has
also been investigated. Diazonium salts in acidic solution, alone or in presence of
vinylic monomer reveal to be suited precursors for the local electrografting process.
Indeed, as the grafting is electro-induced and originates from the surface, it is strongly
dependent on the local efficiency of the electron transfer to the electro-active species
in solution. We have clearly demonstrated that this efficiency of the local electron
transfer may be driven by field-induced means. The localization of the electrografting
process is controlled by adjusting the tip-substrate distance, the current density, and
the reaction time. The local electrochemical grafting of different polymers onto
conductive surfaces as well as the localized process on different conductive and semi-
conductive substrates have been studied. The resulting thin films were characterized
by X-ray photoelectron spectroscopy, infrared spectroscopy, atomic force microscopy,
and optical microscopy.

In this work, we have also clearly demonstrated that SECM can be used as an actual
lithographic tool to locally graft a non conductive organic coating on conductive and
semi-conductive homogeneous substrates. Species suitable for modifying the surfaces
of the samples by chemical or electrochemical reactions are electrogenerated by the
tip. The small distance between the tip and the substrate reduces the diffusion time of
the electrogenerated species and ensures a small reaction area. No preformed stamp
or mask is needed prior to patterning the substrate, since the pattern is formed by
scanning the UME. The lateral resolution depends on the size and the shape of the tip
and is about two times the size of the microelectrode. With the AFM-SECM tool, a
nanometric resolution has been reached.

One of the most common reproaches towards the local probes techniques for the
potential lithography applications is their relative slow writing speed. A way to
circumvent this drawback is to use a structured microelectrode, acting thus as a
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"electrified stamp". Like demonstrated by Amatore et al,” the microelectrode
stationary state is indeed realizable where one of the planar electrode dimensions is
micrometric. In a preliminary trial experiment, a linear micro-band electrode was
realized and used as the SECM tip in the local electrografting process. As shown on
figure 1a, this band electrode can be easily imprinted on an homogeneous substrate
with lateral dimensions accorded with the band electrodes dimensions. Preliminary
results obtained with a more complex structured microelectrode are also encouraging.
For this experiment, we used a patterned gold/silicon electrode as the microelectrode
in the SECM environment (fig. 1b, left). Even if the experimental parameters were not
optimized in this peculiar application, we clearly obtained on the homogeneous Si
substrate the duplication of the gold pattern of the structured microelectrode (fig. 1b,
right). Those results open thus the way for a competitive 2D microfabrication. The local
graft method could then be integrated into a microelectronic fabrication process to get
micron or sub-micron local selective coatings on conducting and semiconducting
substrates.

500pum

Figure 1: electrografting carried out with structured UME electrodes. (a, top) gold band
microelectrode sealed in the glass; (a, down) local grafting with the gold band microelectrode.
[AA]:2.0 mol. dm? DNB:2 10° mol.dm?, H,50,:0.25 mol.dm™; Eyye=3V, Esub=-0.5V; d =50um,
t=30s.

(b, top) structured gold/Si microelectrode; (b, down) local grafting on n-type Si, duplicating
the structured microelectrode pattern. [AA]:2.0 mol. dm™ DNB:2 10° mol.dm?, H,50,:0.25
mol.dm?; Eyye=10V, Esub=-0.4V;: d =20um, t=10s.

The development of microsystems, using or transporting fluids or submitted to flows
accelerated during the ten past years. New applications regularly come to enrich an
already abundant panel, in particular in the fields of health, biochemistry and fine
chemistry. The micro-/nano-fluidic appears today among the most dynamic emergent
fields. This rise was made possible by the development of techniques able to structure
materials on a micro- /nanometric scale thanks, in particular, to the emergence of new
methods of nanofabrication, such as nanoimpression, nanocompression or soft
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lithography. The work developed during this thesis may bring some contribution in this
field of “micro-channel design”. For example, micrografted lines of polyacrylic acid
(PAA) were realized following the local grafting process and served as a mask towards
a second forthcoming electrografting process realized, in a non local way in a classical
electrochemical cell, with a fluorinated diazonium salt (figure 2). XPS analysis was
carried out to highline this contrast on the bidimensional pattern. This procedure is
synthesized on scheme 1.
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Figure 2: fluorinated diazonium salt used for the hydrophobic surface functionalization of a
patterned gold substrate by cyclic voltamperometry from 0V vs.VVOC to -1.5V vs. Ag wire; FBD 2
10”° mol.dm, H,50, 0.25 mol.dm”.
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Scheme 1: sequences for bipatterning of a homogeneous gold substrate. (a) Local grafting
process, (b) optical image of the grafted line of PAA; (c) schematic view of the patterned
PAA/Au substrate; (d) classical electrochemistry in a three-electrode configuration with the
PAA/Au substrate as working electrode and a Pt sheet as counter-electrode ; (e) schematic view
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of the fluoro-compound/PAA bipatterned Au substrate; (f) Elemental map of Au obtained by
XPS mapping analysis on the grafted gold substrate. Acquisition conditions: X-ray source=
225W, high resolution FoV1 (800 x 800 um®), and pass energy= 160eV: (g) F 1s core level
spectra of the coating recorded on two different locations on the grafted substrate. Acquisition
conditions: X-ray source= 225W, high resolution FoV2 (55 x 55 um®), and pass energy= 40 eV.

This approach allows thus to define regions on the surface with different hydrophilicity
which can constitute microchannels for driving, for example, liquids in function of the
liguid/surface interactions. The PAA channel will indeed present a more hydrophilic
behavior than the fluorinated regions.

Modified surfaces containing spatially defined functionalities are a desirable goal for
numerous applications. Recent years have seen considerable progress in the
development of microfabricated systems for use in the chemical and biological
sciences. The need to analyze complex biological samples and to measure multiple
analytes simultaneously has led to the development of new analytical strategies, which
are mainly based on array technologies. Generally, the fabrication of such high-density
arrays containing different features in different locations is a challenging problem,
despite constant advances in micro/nano-technology. In this context, we are convinced
that the localized organic grafting at a micronic or sub-micronic scale obtained with
our local process may play an interesting role for the localized immobilization of micro
to nanometer sized biological recognition elements.

In collaboration with the laboratory of Chemistry for Research and Engineering of
Architectures for Biology (CREAB, joint research unit of CNRS, CEA and University
Joseph Fourier), we have evaluated the potentialities of our local graft process for the
identification of analytes in biological samples through their nucleic acid sequences.
For that purpose, a PAA patterned gold substrate was realized by applying different
potential conditions with a pulsed approach in order to improve the selectivity. In
practice, a 50 um-Pt UME was placed at 15um from the gold surface and then
polarized at the working potential during 0.1s with 0.4s of rest on 60 times; the surface
was biased continuously at -0.25 V vs. Ag wire during all the duration (30 s) of the
experiment. For every tested potential (6, 8, and 10 V respectively), four dots were
realized. To determine the chemical contrast on the surface, IRRAS localized spectra
were recorded on the chip (fig. 3). As expected, the thickness of the localized coating
increases with the applied tip potential from 80 nm thick (Eyme=6V) to 130 nm thick
(Eume=10V) while the width varies from 80 um width to 110 um width, respectively.
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Transmittance [%]

Figure 3: IRRAS localized spectra of: (a) electrografted dot at different UME potential by pulsed
technique: passivation film (—); Eype=6V (—); Eupe=8V (), Eunie=10V (—);insert: design
of the patterned gold chip; (b) absorbance 3D scan image recorded at 1730 cm™ for dot

realized at Eype=8V. E.,=-0.25V. AA:2.0 mol. dm> DNB:2 10° mol.dm™, H,50,:0.25 mol.dm?,
50 um-Pt, d = 15um

The patterned chips were then sent to CREAB”s lab to carry out the
biofunctionalization. For this first trial experiment, it was chosen an usual method

based on fluorescents molecules grafted on biotin. The procedure is briefly described
in the scheme 2:
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Scheme 2: Biotin-streptavidin fluorescent complex functionalization steps.
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Figure 4 shows the fluorescent image of the patterned gold substrate after biological
functionnalization. The fluorescent signal was measured on the dots pattern
(numbered 1 to 3 on figure 4) and outside the patterned region (numbered 4 on figure
4) at each time of the functionnalization process. The comparison between these
different measures allows to evaluate the intensity of the contrast between localized
grafting zones and the background surface. From those measurements, one can
deduce that the specific recognition on a dot is about 51% higher than that observed
for the zone 4. According to the specialists of the technique, this result is very
significant and encouraging, suggesting that this work deserves to be continued.

Figure 3: Fluorescence image of the patterned gold substrate realized at different tip potential
after biological functionnalization.

To sum up, electronic, biology and chemical biology have pushed the scientists to
develop new techniques to graft locally organic molecules on surfaces. The objective of
the thesis was to develop a cheap and lithography-free technique by combining local
probes techniques and electrografting processes in view of tuning locally chemical and
physical surface properties on initially homogeneous substrates. The potentialities of a
micro or submicro-electrode to create organic patterns on surfaces electrically
connected have been validated. Dots, lines or more complex 2D-patterns have been
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“imprinted” on conducting (Au, Pt, graphene), and semiconducting (n-type Si)
substrates with a lateral resolution equal to one or two times the probe size. By
combining AFM and SECM, the technique has been transposed to a submicronic scale
with the size resolution preserved.

The big advantage of grafted organic layers is that they are covalently bonded to the
substrate and then chemically stable so that they can be further processed by classical
chemistry. The polyacrylate deposit can, for example, be functionalized by a simple
amidation of the carboxylic hanging groups and thus can serve as primer coatings for
the attachment of various molecules, biomolecules or particles. The local graft
developed process thus has all qualities necessary for a large field of applications.

[1] C. Amatore, C. Combellas, F. Kanoufi, C. Sella, A. Thiébault and L. Thouin, Chemistry — A
European Journal 2000, 6, 820.
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