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Abstract

Visible-IR-sum-frequency (SFG) spectroscopy is a valuable vibrational spectroscopy
suited for in-situ studies of interfaces. Chemical information can be obtained from the
resonant enhancement of the SFG intensity, when the tunable IR beam is in resonance

with vibrations of a specific molecular group.

In this thesis, a novel sum-frequency microscope (SFM) has been developed and
built. It allows the chemical imaging of non-transparent samples like metals and semi-
conductors. For such samples the interface is imaged most efficiently at an angle of 60°
with respect to the surface normal and the new design assures focus over the full field
of view (240 x 240 pm?) with a spatial resolution of 3 ym. In contrast to ”specular”
SFG spectroscopy, the incident beams reflected from the sample and the generated SFG
light cannot be separated by angular filtering. In this setup the separation thus relies

on efficient spectral filtering.

The SFM allows to map chemical composition, order and molecular orientation of
self-assembled monolayers (SAMs) prepared from solution and by microcontact printing
(uCP). The thesis demonstrates that the results obtainable by this new technique are
in part complementary to those of chemical AFM, which is sometimes used for investi-
gating patterned self-assembled monolayers. The chemical specificity allows to address
the individual building blocks of a SAM: Head group, terminal group and molecular
backbone. Different thiolates are discriminated by their specific vibrational resonances
or their SFG spectra, respectively. The nonlinear optical properties of the Au(111) sur-
face are substantially modified by the adsorption of the thiolate, i.e. of the sulfur. This
is exploited in this thesis to image quantitatively the total thiolate density with sub-
monolayer sensitivity. It is possible to investigate the interspace between microcontact
printed thiolate patterns; and thus the different paths by which thiols transfer from the
stamp to the Au substrate. We find, that the interspace is covered by octadecanethio-
late corresponding to a half monolayer, which is a surprisingly high value attributed to

the vapor phase transport during pCP.

The SFM is employed for the local characterization of monolayers with inscribed



i

chemical micropatterns that are prepared by microcontact printing of one thiol species
and post-adsorbing the other from solution. Octadecanethiol and mercaptohexade-
canoic acid are used in both preparation orders. The SFM images taken at different
IR wavelengths reveal that substantial mixing of phases (> 10% of a ML) occurs in
the printed pattern as well as in the interspace. From the local evaluation of the SFG
spectra it is concluded that mercaptohexadecanoic acid molecules replace octadecanethi-

olate more readily than vice versa.

The hydrophobic recovery of a plasma etched PDMS surface is investigated by SFG
spectroscopy. For an untreated surface the methyl groups are found to have a preferential
orientation along the surface normal. During oxygen plasma etching the density of
oriented methyl groups decreases only by 30%, while the contact angle decreases from
110° to nearly 0°. After the etching we observe an increase in the density of ordered
methyl groups only within the first 200 h. Then the density remains constant. Contact
angle measurements, in contrast, find a hydrophobic recovery of PDMS on the time
scale of 1000 h, which indicates the presence of an additional slower process. The
results demonstrate the separation of distinct processes in the hydrophobic recovery of
PDMS by SFG spectroscopy.

NaCl crystallites on Au are found to emit intense SFG light up to 2000 times more
intense than the SFG signal of a clean Au surface. First experiments are done in order
to understand this effect and to check for the possibility of reducing SFG measuring
times for molecular films by its use. The observations indicate, however, that the high

intensity may be correlated to inner defects of the crystallites.



Zusammenfassung

[R~vis-Summenfrequenz-Spektroskopie eignet sich besonders zur in-situ Untersuchung
von Schwingungen an Grenzflachen. Sie liefert chemische Information durch die
Resonanz-Verstarkung des SFG Signals, wenn die spektral durchstimmbaren IR-Pulse

auf die Ubergénge einer spezifischen Molekiilgruppe abgestimmt sind.

Ein neuartiges Summenfrequenz-Mikroskop (SFM) wurde im Rahmen dieser Arbeit
entwickelt und aufgebaut. Es ermdglicht die chemische Abbildung von nichttranspar-
enten Proben, wie z.B. Metallen oder Halbleitern. Fiir solche Proben erfolgt die ef-
fizienteste Abbildung unter einem Winkel von 60° bezogen auf die Oberflachennormale.
Das neue Design stellt die Schirfe im gesamten Bildfeld (240 x 240 pym?) sicher und
besitzt eine Ortsauflosung von 3 pm. Im Gegensatz zur ”spiegelnden” Summenfrequenz-
Spektroskopie konnen der sichtbare und der IR Strahl, die von der Oberfliache reflektiert
werden, nicht durch raumliche Filterung separiert werden. Daher beruht die Trennung

in diesem Aufbau auf die effiziente Trennung mit spektralen Filtern.

Mit dem SFM wird die chemische Zusammensetzung, die Ordnung und die moleku-
lare Orientierung der Molekiile in selbst-aggregierenden Monolagen (SAMs) untersucht.
Die SAMs werden entweder aus der Losung oder durch Stempeln (uCP) prapariert.
Die in dieser Arbeit vorgestellten Ergebnisse sind teilweise komplementar zu den Mes-
sungen an strukturierten SAMs mit chemisch funktionalisiertem AFM. Die chemische
Selektivitat der Summenfrequenz-Erzeugung ermoglicht es, die Eigenschaften der indi-
viduellen Bestandteile (Kopfgruppe, Endgruppe und die Methylen-Kette) einer selbst-
aggregierenden Monolage zu untersuchen. Unterschiedliche Thiolate werden durch spez-
ifische Schwingungsresonanzen, bzw. durch ihr SFG-Spektrum identifiziert. Die nicht-
linearen optischen Eigenschaften der Au(111) Oberflache werden durch die Adsorption
von Thiol, d.h. durch die Bindung zum Schwefelatom, deutlich geandert. Die Anderung
wird in dieser Arbeit dazu benutzt, die absolute Thiolatdichte quantitativ abzubilden.

Die Methode ist dabei sensitiv auf Bruchteile einer Monolage. So kann die Thiolat-
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dichte im Zwischenraum zwischen gestempelten Thiolatstrukturen untersucht werden.
Diese ermoglicht Riickschliisse auf die verschiedenen Wege, iiber die beim puCP Thiole
vom Stempel auf das Goldsubstrat gelangen. Eine tiberraschend hohe Bedeckung des
Zwischenraums mit einer halben Monolage Octadecanthiol kann auf den Transport von
Thiolen durch die Gasphase zuriickgefithrt werden.

Monolagen mit eingeschriebenen chemischen Mikrostrukturen werden lokal mit dem
SEFM charakterisiert. Die Mikrostrukturen werden durch pCP mit einem Thiol und
nachfolgender Adsorption eines anderen Thiols aus der Losung erzeugt. Dafiir werden
Octadecanthiol und Mercaptohexadecanol in beiden Praparationsreihenfolgen verwen-
det. SFM Bilder fiir verschiedene IR Wellenldngen zeigen eine deutliche Mischung der
einzelnen Thiolphasen (> 10% einer Monolage) sowohl im gestempelten Muster als auch
in den Zwischenraumen. Die lokale Auswertung der SFG-Spektren ergibt, dafl Octade-

canthiol schneller durch Mercaptohexadecanol ersetzt wird als andersherum.

In einem weiteren Teil dieser Arbeit wird fiir plasmageatztes Polydimethyl-
siloxan (PDMS) die Riickkehr vom hydrophilen in den hydrophoben Zustand
mit Summenfrequenz-Spektroskopie untersucht. Die Spektren zeigen, dafl die
Methylgruppen an einer unbehandelten PDMS-Oberflache vorzugsweise entlang der
Oberflachennormalen orientiert sind.

Die Dichte der orientierten Methylgruppen nimmt durch das Atzen nur um 30% ab,
warend der Kontaktwinkel von 110° auf 0° sinkt. Nach dem Plasmaétzen beobachten
wir einen Anstieg der Dichte an orientierten Methylgruppen innerhalb der ersten 200 h.
Danach bleibt die Dichte in etwa konstant. Im Gegensatz dazu zeigen die Kontakt-
winkelmessungen eine Riickkehr des PDMS zum hydrophoben Zustand auf der Zeitskala
von 1000 h. Dieses deutet auf einen weiteren, langsameren Prozess hin. Unsere Ergeb-
nisse demonstrieren, daf einzelne Prozesse wihrend der Anderung der PDMS-Oberfléache

durch SFG Spektroskopie separiert werden kénnen.

Auf Au deponierte NaCl-Kristallite zeigen eine SFG Emission mit einer bis zu
2000fach hoheren Intensitat als die von einer reinen Goldoberflache. Erste Experimente,
um den Ursprung der Emission herauszufinden und um abzuklaren, ob der Effekt zur
Reduktion der Mefzeiten in der Summenfrequenz-Mikroskopie benutzt werden kann,
werden gezeigt. Die Beobachtungen legen jedoch die Annahme nahe, dafi der Effekt

mit inneren Defekten im NaCl Kristallit zusammenhéangt.
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Chapter 1
Introduction

Physical and chemical phenomena in science and in everyday life can be ascribed very
often to properties of and to processes at interfaces and surfaces. The understanding of
the interface is therefore of central interest in fundamental research as well as in techni-
cal and industrial applications. Accordingly surface scientists work e.g. in life sciences,
physics, material science and engineering, covering a broad variety of fields. The hu-
mane immune system, for instance, discriminates between bodily and external tissue by
receptors on the cell membrane, which represents a biological interface. As a medical
consequence the biocompatibility of anorganic implant surfaces must be assured, i.e.
very often they must be modified. Self-assembled monolayers (SAMs) with appropriate
chemical functionalities are suited to connect anorganic and biological material. With
them proteins and cells can be attached selectively to anorganic substrates. In the field
of tribology, as another example, the surface of solids and the interface of solids in con-
tact is studied systematically. The practical relevance lies e.g. in mechanical engineering
— surfaces of specific parts in the automotive sector have to be characterized on the scale
of some 10 nm — , fabrication of wear-resistant materials, and reduced friction. A last
example is the growth of semiconductor hetero-structures by molecular beam epitaxy
(MBE) in ultra high vacuum (UHV), which are used e.g. for laser diodes or the growth

of quantum dots. These hetero-epitaxial systems typically exhibit numerous interfaces.

This process of hetero-epitaxial growth as many others is studied in the UHV, which
allows to work under clean conditions and to prepare well defined (model)systems. These
can be studied with a whole zoo of experimental techniques. However, many systems
show different properties in the vacuum than they do under ambient conditions (e.g. in
air or in an electrochemical solution) and should thus be studied in this environment. A

further class of interfaces and processes can only be studied under ambient conditions,
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as e.g cell membranes under physiological conditions or the electrochemical deposition

of metal atoms.

The question of chemical composition of a surface and the chemical identification
of adsorbates is often important in studying those interfaces. Many methods apt for
chemical characterization in UHV, as e.g. high resolution electron energy loss spec-
troscopy (HREELS) and X-ray photoelectron spectroscopy (XPS), are not applicable
under ambient conditions. In contrast, optical spectroscopic techniques can be used
for samples under either condition as long as the light can access the interface e.g. in
the liquid or gaseous environment. IR spectroscopy, Raman spectroscopy and coherent
anti-Raman spectroscopy (CARS) yield chemical selective information due to specific
vibrations of chemical groups. For transparent samples they probe the surface and the
bulk, for opaque samples the spectral information typically stems from the surface layer

with a thickness on the order of the utilized wavelength.

Predicted theoretically by Nobel laureate Bloembergen in the 60’s of the last century,
nonlinear optical effects have been increasingly investigated since the 80’s enabled by the
development of laser systems with short pulses and thus high peak intensities. Soon also
the surface sensitivity of second order processes was shown and pioneered by Shen and
coworkers. In several experiments on a wide variety of interfaces the sensitivity of second-
harmonic generation (SHG) and sum-frequency generation (SFG) spectroscopy to the
upper few atomic layers of centro-symmetric materials was demonstrated and exploited.
This high interfacial selectivity makes SHG and SFG spectroscopy real surface science
techniques when compared to linear optical methods or to third order optical processes.
Particularly SFG spectroscopy is used with great success to probe in-situ the order and
the molecular orientation at solid surfaces as well as at solid-liquid and liquid-liquid

interfaces.

Within the last decade various nonlinear spectroscopic techniques as e.g. SHG have
been extended to imaging methods. Especially SHG microscopy is more and more used
in biological studies on membranes. For that cause, molecules labelled with specially
designed chromophores — similar as in fluorescence microscopy — are incorporated into

the membrane.

Vis-IR-sum-frequency spectroscopy yields chemical information as the SFG signal is
resonantly enhanced, when the IR wavelength corresponds to a vibrational transition.
Thus sum-frequency microscopy (SFM) can identify specific chemical groups without
the need for dye molecules, as the signal is enhanced by vibrational resonances at the

interface. It is known, that the spectral region of the C-H vibrations, present in many



membrane systems, can readily be probed by SFG. SFG is very sensitive to the local
order and conformation of molecules, which are further parameters of interest in mem-
brane systems. SFG, moreover, was demonstrated for a variety of other vibrational

resonances, as e.g. for those of hydrogen on silicon.

The subject of this thesis has been the development of a sum-frequency microscope
that is applicable to opaque and to transparent samples and that allows for in-situ
chemical mapping of surfaces and interface-sensitive local spectroscopy on the micro-
meter scale. A further goal was the characterization of chemically inhomogeneous self-
assembled monolayers with this novel SFM, as SAMs represent a widely used model

system for biomembranes.

This thesis is structured as follows: The interaction of light with matter is discussed
in chapter 2 with the focus on the nonlinear optical effects and the fundamentals of
sum-frequency generation spectroscopy. The mechanisms of contrast in sum-frequency
microscopy are also introduced in chapter 2. As the SFM should be applicable to a wide
range of materials, including metals and semiconductors, it is designed for the use in
reflection mode. The geometric constraints, which become obvious already in chapter
2, require a novel design that is introduced in chapter 3. In this chapter also the optical
performance of the SFM is characterized. The sub-monolayer chemical sensitivity is
proven by the investigations of SAMs in chapter 4. The capability of chemical mapping
on interfaces is applied amongst others to study exchange processes during the prepara-
tion of chemically micropatterned SAMs. These patterns are produced by microcontact
printing with a stamp made from polydimethylsiloxane (PDMS). Little is known of the
interface stamp/air particularly when the stamp surface is impregnated with a solution
containing thiols. It is shown in chapter 5 that sum-frequency spectroscopy is an apt
method to study this interface. The results of localized intense emission from NaCl
crystallites illuminated with visible and IR laser pulses (chapter 6) demonstrates a fur-
ther strength of sum-frequency microcopy, namely to identify strong but very localized
inhomogeneities, which would hardly be seen in the spatially averaged signal of SFG

spectroscopy.
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Chapter 2
Theory of nonlinear optics

Photons do not interact. This holds in vacuum because the Maxwell equations are lin-
ear differential equations!. This changes when photons interact with matter. The first
section 2.1 shows this in the microscopic model of the anharmonic oscillator, which is
then related to the macroscopic description with polarization densities and susceptibil-
ities within the electric dipole approximation. Focusing on the second order electric
susceptibility the main symmetry properties will be listed briefly in section 2.2. Then
the geometrical requirements of an SFG experiment on metallic surfaces is introduced
as it is the basis for the novel microscope design presented in this thesis (section 2.3).
The use of vis-IR sum-frequency generation as a vibrational spectroscopy technique is
introduced in section 2.4. Finally the contrast mechanisms used for chemical imaging
in sum-frequency microscopy, namely electronic and vibrational contrast, are explained

in section 2.5.

2.1 Linear and nonlinear interaction of electromag-

netic fields with matter

The interaction of light with a molecule can be modelled in the classical microscopic
picture with the 1-dimensional anharmonic oscillator. The molecule is assumed to have
an asymmetric charge distribution. If now an external electric field E is applied, the
charges ¢* and ¢~ are moved from the equilibrium distance z, of their centers of gravity

by the displacement

r=|(z(¢") — 20/2) — (x(q7) — (—20/2))] (2.1)

!Let aside quantum mechanical effects for extremely energetic photons



6 CHAPTER 2. THEORY OF NONLINEAR OPTICS

A gt

X,/ 2

o)
I
0

-X,/ 2

B ¢

Figure 2.1: Static and dynamic dipole moment: A hetero-nuclear bond A-B can exhibit a
static dipole moment gzg, with ¢* and ¢~ being the respective net charges. An external
electric field E induces a displacement of the charges from their equilibrium distance xy. This

corresponds to a dynamic dipole.

and an dynamic dipole pu;,q = gr is induced as schematized in Fig. 2.1 for a hetero-
nuclear bond. A restoring force F'(r) acts on ¢t and ¢~. In a first approximation F' is

linear in r
F=-mwr . (2.2)

Thus the potential U is parabolic (Fig. 2.2, solid line) and the displacement r is governed

by the equation of motion of the harmonic oscillator:
i+ 20 + wir = ——LF (2.3)
m

I' is the damping constant, wy the natural frequency of the harmonic oscillator and m
the reduced mass.

For a time-dependent driving electric field

E = B(w)e™ ™ 4+ E*(w)e™! (2.4)
with the complex amplitude
1 .

B(w) = 5|Ble ™, (2.5)

the solution of the linear differential equation (2.3) is given by [1]

—iwt

m__Cp ¢ 2.6
r - (w)wg oL —o2 Tee - (2.6)

Here (M) denotes the solution belonging to the linearly approximated restoring force.
The displacement (! is linear in E and it oscillates thus at the same frequency w giving

rise to a linear response of the molecule.
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Figure 2.2: Potential as a function of the displacement of positive and negative charges from
the equilibrium distance: Harmonic approximation (solid line), potential for a non-centro-
symmetric material (dashed line), potential for a centro-symmetric material (dotted line).

(curves have been offset for clarity, see also text)

Being sufficient in most cases the linear model of the harmonic oscillator breaks down
if electric fields are of the same order as the inner atomic fields (=~ 10 Vm=!). Then
the linear approximation for F' (2.2) is not sufficient and terms of higher order in r have

to be taken into account. Adding the lowest order correction to F

F = —mwir — mbr? (2.7)
results in a potential U
1 2 1 3
U=— | Fdr = o wor + gmbr : (2.8)

where b is a measure for the strength of the nonlinearity. This potential is non-centro-
symmetric (Fig. 2.2 (dashed line)). Solving the equation of motion for this anharmonic
potential and an external electric field given by (2.4) leads to two additional terms (%
with frequencies wpc = 0 and wsyg = 2w. The DC component can be interpreted as an
increase in the equilibrium distance due to the anharmonicity of the potential. The terms
at the doubled fundamental frequency of the driving electric field is the special case of
anharmonic oscillator driven by a electric field consisting of two frequency components.

This process will be discussed now because it is the origin of sum-frequency generation.
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We assume an external electric field E(t) consisting of two components with two

different frequencies w; and wo:
E(t) = E(w)e ™" + E(w)e ™" + c.c. (2.9)

An analytical solution of the equation of motion with the potential U (2.8) and the
external field FE(t) (2.9) is not known. However, if the nonlinear term of the restoring
force is small in comparison to the linear term, perturbation theory yields the result
that the displacement r has the already known contributions 7" linear in E and that
the lowest order nonlinear correction 7 to the displacement r is of second order in the
applied electric field E2. These second order corrections have components at frequency
combinations of w; and wy namely 2wy, 2wy, wy + wy, w; — wy and 0 [2]. Thus we find

for the total displacement r:

r = arr® () + a;r®(w) +

+ blr(g)(le) + bgT(Q)(sz) + byr® (w1 +ws) + byr? (w1 —wa) + b5r(2)(0)(2.10)

where a,, and b,, are respective coefficients.

The oscillator model used so far has been one-dimensional in order to discuss the
underlying processes of the interaction between light and matter. This model, however,
cannot include the tensorial character of this interaction. This is possible in the three
dimensional notation, which will be used from now on.

The displacement 7" of a charge e results in an induced dipole moment [i;,4:
[l = fib + pina = fio + eF = iy + aE + BEE + ..., (2.11)

where pip is the static dipole moment. The molecular polarizability a corresponds to
r(M) (2.10) and oF is the short notation for ;i E; where E; is the j™ component of E.
The hyperpolarizability 3 corresponds to (? and it is a tensor of third rank. ﬁﬁﬁ is
the short form of 3, E;E). (Throughout this thesis the Einstein convention is used, i.

e. the sum is taken over all double indices.)

Optical methods average over a spatial region of the scale of the wavelength A or

larger, i.e. in the pum range. Therefore it is useful to relate the microscopic dipole

2For centro-symmetric media the potential with the smallest symmetry allowed nonlinear extension
is
L 9o 1 4
U=— [ Fdr = -muwyr”+ —mer”,
2 4
where ¢ is a strength parameter of the nonlinearity (Fig. 2.2, dotted line). The lowest nonlinear term
in the displacement is of third order in E [2]. This explains in the microscopic image why second order

processes are forbidden in centro-symmetric molecules and materials.
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Figure 2.3: Energy term schemes representing the conservation of energy in second order
optical processes with non-static output: Second-harmonic generation, difference-frequency

generation and sum-frequency generation.

moment [i to a macroscopic quantity. Ensemble and spatial averaging over the molecular

dipole moments yields the macroscopic polarization density P:

Pt) = PO 4 PO#)+ PO) + ... = N(ji)
= (jio) + &0 (XU)E(t) LD BOE®) + ) , (2.12)
where y1) denotes the linear susceptibility and % the first order nonlinear suscepti-
bility®. N is the density of microscopic dipole moments /i. If the polarization density
ﬁ(t) is oscillating, it emits light with the same frequency.
As will be shown in the following, a non-vanishing % ? leads to the coupling of
photons, which is not possible in vacuum. The superimposed electric field E(t) of two

monochromatic plain waves at a fixed position is given by:
E(t) = E) sin(wyt) + Ey sin(wot) (2.13)
Inserting (2.13) into the first order nonlinear term on the right-hand side in (2.12) yields

—

PO — 7@ . EE =

1 L 1 . N
—eo XD (B2 + E2) 4+e0=X? - (Ef cos(2wit) + E2 cos(?wgt)) +
2 —_— 2 - .
static SHG
e X @ 1 ELEy | cos|(wa — wi)t] — cos|(ws + wi )] (2.14)
DFG SFG

= P@(0) + P (2uw) + P® (2ws) + PP (wy — wy) PP (wy + wy)

The DC polarization density 15(2)(0) results in optical rectification, i.e an induced

static electric field. The oscillating electric fields induce polarization components in the

3For the first order nonlinear susceptibility also the term second order susceptibility is common.

Both expressions are used equivalently in this thesis.
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material at the second harmonic (SHG) of the fundamental frequencies as well as at
the difference (DFG) and at the sum (SFG) of both frequencies. So this process can be
understood as the coupling of three photons by % . The process is therefore called
three-wave mixing. Fig. 2.3 shows schematically the non-static second order processes
just described.

Expression 2.14 was derived from the model for a molecule. It is valid, however,
in general for the interaction of light with matter, as it can be deduced also directly
from the Maxwell equations. It is also important to keep in mind that the presented
derivation of the interaction between light and matter is the dipole approximation as it
only considers the polarization density P. Often this is sufficient but particularly if P
vanishes, the electric quadrupole moment and the magnetic dipole moment may have

to be considered.

2.2 Symmetry properties of the first order nonlinear
susceptibility

(2)

X' @ is a third rank tensor comprising 27 elements Xijk(w;;; wi,ws) with

P)i@) (w3 = w1 +wy) = €0X§]2'1)g(w3; w1, wa) Ej(wr) B (w2) (2.15)

in the case of sum-frequency generation (indices i, j, k indicating the spatial coordinates).
Nevertheless they are not all independent. Symmetry allows to reduce the number of
independent tensor elements. Permutation symmetries are due to the formal concept of
nonlinear susceptibility itself while spatial symmetries reflect physical properties of the

material [2]%.

2.2.1 Permutation symmetries
Intrinsic permutation symmetry

According to expression (2.15) the i'® component of the nonlinear polarization P® s

g,)g(wg,;wl,wg)Ej(wl)Ek(wg). j and k are just
5321)9 stays unchanged if j

and k are interchanged simultaneously with the frequency arguments w; and w,. Thus

given by the sum over terms of the form y

dummy indices, and it can be required that the tensor element y

we have

X (ws; wr, w2) = Xipy(ws;wa,w1) (2.16)

4The reference contains also more detailed information on the individual symmetries discussed in

this section.
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This so-called intrinsic permutation symmetry reduces the number of independent tensor
elements to 18. However, this symmetry has been introduced for convenience. If one
would set one value in (2.16) to zero and double the other value, the result for the

physically meaningful property Pi(2) would be the same [2].

Full permutation symmetry

The intrinsic permutation symmetry is extended to a full permutation symmetry for the
pairs of spatial indices with their respective frequencies if all frequencies are far from
resonance and thus from absorption. One important consequence of the full or overall
permutation symmetry is the Manley-Rowe relation [2]. Put in a nutshell, this relation
states that for each photon created at the sum frequency ws one photon at w; and one
at wo are annihilated. Processes within the validity of the Manley-Rowe relation are
called parametric and are used for frequency conversion in nonlinear crystals (section
3.1.

Kleinmann symmetry

If the involved frequencies are much smaller than the lowest resonance frequency of the
material, Y ?)(w) can be taken as independent of frequency. Therefore the indices can
be permuted without the respective frequencies. This Kleinmann symmetry leads to 10

remaining independent tensor elements.

2.2.2 Spatial symmetries

According to the Neumann principle the symmetry properties of any physical quantity
must include all symmetry elements of the point group of the material. This means,
that spatial transformations belonging to the symmetry group of the material leave all

2)
ijk

physical properties unchanged. Thus x> is invariant under these symmetry transforma-
tions. Therefore the number of independent tensor elements may decrease even further
depending on the sample symmetry. This will now be illustrated for a centro-symmetric
medium.
For a symmetry operation represented by the matrix Tj; the first order nonlinear
susceptibility x® transforms as a third rank tensor:
X2 = TuTymTenx o) (2.17)

Imn*

Next to identity the symmetry operation for centro-symmetric matter is the inversion,
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i. e. T;;=-0;;. Inserting T}; in (2.17) yields

2)’ 2
Xz(jl)c = _Xz(‘j/)ﬁ ; (2.18)

which holds only if XZ(JZI)C = 0 for all elements. Thus in centro-symmetric matter, as e.g. in
metals, there are no second order processes within the electric dipole approximation. At
the surface, however, inversion symmetry is broken and second order processes are not
forbidden. This leads to the important surface and interface selectivity of sum-frequency
generation.

For an isotropic interface with rotational invariance and no chiral adsorbates, such as

the samples investigated in this work, % ®) consists only of four independent elements

X2 X222 (2.19)

where the interface lies in the xy-plane [3]. For symmetry reasons the following tensor

elements are equivalent:

(2) (2)

Xazz = nyz
X2, =x%, (2.20)
X2 = X2,

(2.21)

All other tensor elements are zero.

2.3 Aspects of SFG experiments at opaque inter-

faces

In the first part of this section the principle of wave vector conservation will be intro-
duced as a consequence of the electrodynamic treatment of the interaction between the
laser pulses and the interface. Then the role of polarization for the selective probing of
single tensor elements in \ ® will be sketched. The Fresnel factors will be introduced

at the end as the origin for the necessity to do SFG microscopy at oblique angles.

2.3.1 Wave vector conservation

Figure 2.4 shows the geometry of a typical SFG experiment. They can be described by
monochromatic planar waves with the momentum

2m
M

| =

k= (2.22)

=
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Figure 2.4: Geometry of an SFG experiment on an opaque and homogeneous surface: Energy

and parallel momentum conservation lead to the directed radiation of the sum-frequency signal.

The pulses propagate in the xz-plane and the interface between medium 1 and medium
2 lies in the xy-plane at z = 0. The respective refractive indices are n; and ny. The
y-component of momentum k is zero. Medium 1 is assumed to be air, i. e. n; ~ 1. As
the experiments in this thesis are done in reflecting geometry, only the reflected beams
are treated.

The visible and the IR beam impinge with their respective momenta Ems, EIR and
incidence angles ©,,s, O;r on the interface between medium 1 and medium 2. For
a metal surface both beams are reflected to a large extent (E;is, E}R) . A nonlinear
polarization density ]351:(; is generated at the interface, which leads to the emission of

radiation at the sum-frequency wsrg. wsrg is given by:
WsFrG — Wyis + WIR (2.23)

The phase relation between the emitters at a homogeneous interface leads to the directed
emission of the SFG light at an angle that is given by conservation of the momentum
parallel to the interface:

Ksra = ki + Fin (2.24)
As

fo| = 220 (wa) (2.25)
Co

with n(wy) =~ 1 and (o = SFG,vis, IR)

the emission angle for the SFG beam is given by

sinfgra = (Wyis SiNByis + wir sinbrr) . (2.26)

WsFra
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For the geometry in Fig. 2.4 the SFG beam leaves the sample between the IR and
the visible reflected beam and propagates closer to the visible beam because w,;, is

substantially larger than w;g.

2.3.2 The role of polarization

So far the polarization of the three involved beams has not been taken into account.
Assuming the same coordinate system as in Fig. 2.4, beams are called p-polarized if
their electric field vector E lies in the plane of incidence, i. e. in the xz-plane. Beams
with a polarization perpendicular to that plane consist only of a y-component F, and
are referred to as s-polarized. The possible combinations are identified by a three indices
s or p, where by convention the first, second and third letter denote the polarization of
the SFG beam, the vis beam, and the IR beam, respectively. Only the combinations ssp,
sps, pss and ppp can give rise to an SFG signal at an isotropic interface. Furthermore
they probe different elements of the susceptibility tensor %' (?) as given in Table 2.1.
More details are found in reference [4].

(2

For a fixed geometry and fixed polarizations the tensor %’ ® can be described by a

scalar nonlinear susceptibility y:

2

—

|2 Eys| |Er T— ’X(Q)‘Q LyisIir (2.27)

Ispe o [x?

polarizations Sps | pss | ssp PPP

combination of all four in-

probed tensor element Xﬁ)y X,%)y Xﬁ)z dependent tensor elements in (2.19)

Table 2.1: Relation between the polarization of SFG, vis and IR beams and the probed tensor
elements of the nonlinear susceptibility for an isotropic interface. The first three combinations
probe a single element each. With this knowledge X,g;2z),z can be determined from the measure-

ment with ppp polarization [5].

2.3.3 Nonlinear Fresnel factors

The sum-frequency intensity Ispg is a coherent superposition of the radiation emitted
due to the polarization P(wsrg) at the interface. Therefore it is quadratic in P and is

described following the notation of Hirose et al. [6]:

2
Ispg o LzXEJQ;)g K visEvis KpirErr (2.28)
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Figure 2.5: \FZZZ|2 at the air/gold interface as function of the incidence angles 6,;s and 6
(wrr = 2900 cm™1). The contour-plot (bottom) ranges from 0 to the maximum value of
\FZZZ]2. One unit in the grey-scale corresponds to 15% of the full scale. |FZZZ]2 and the related

SFG intensity reach a maximum value for incidence angles of about 70°.

L; relates the polarization density P to the radiated SFG field while K connects the
incoming field Evis and EIR with the effective fields at the interface. The Fresnel co-
efficients L and K determine the amplitude of reflected and transmitted fields at an
interface and can be deduced in classical electrodynamics with the boundary conditions
for the electromagnetic fields E , 5, B and H at interfaces. Details can be found e.g.

in [6]. Usually L and K are combined to the nonlinear Fresnel coefficient F}jy:

For the interface gold/air by far the largest nonlinear Fresnel coefficient that is relevant
for the important ppp combination is F,... It is larger than the other nonlinear Fresnel
factors by at least one order of magnitude. The SFG intensity is proportional to the

square of the absolute value of the nonlinear Fresnel coefficient. In Fig. 2.5 ]FZZZ|2 is
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shown as a function of the incidence angles for the vis and IR beam (w;zr = 2900 cm™1)®.
For the calculation the index of refraction n; in air has been set to 1 for all three involved

frequencies. For gold the following values for the refractive index were used [8]:

Nyis = 0.46 + 2.27i

|FZZZ|2 becomes maximal for 0;z ~ 75° and 6,,, = 70°. Note, that |Fzzz|2 is zero for
incidences angles 0,;, = 0;r = 0°.

In SFG microscopy many samples are isotropic on the scale of some pym. Therefore
only four independent tensor elements of “x’(?) are observable (section 2.2), one being
X,(fz)z The resulting SFG intensity is probed by the ppp combination (Tab. 2.19) with
the by far strongest nonlinear Fresnel coefficient F,,,.

In conclusion, the constraints imposed by the first order nonlinear susceptibility and

by the nonlinear Fresnel coefficients require that sum-frequency microscopy on a metallic

surface is done at oblique angles near 70°.

2.4 Vibrational spectroscopy with SFG

Vibrational spectroscopy is a direct way to obtain chemical information from a sample.
Due to its surface specificity and high sensitivity SFG spectroscopy is particularly suited

for studying adsorbates on surfaces.

In IR-vis sum-frequency microscopy a visible beam with fixed energy w,;s and an
IR beam with tunable w;g are mixed on the sample and the generated sum-frequency
WeFGa = Wyis + wrg is detected. When wjg is in resonance with a vibrational transition

w,,, a resonant enhancement occurs. x? in eq. (2.27) can be written as
X =xi X (2.30)

with XS,? being the non-resonant second order susceptibility [9]. The resonant second
order susceptibility Xf?s for a surface layer of molecules is given empirically by the sum
over all possible vibrations v [10]:

Cy
o= : (2.31)

WIR — Wy — ZFU

°See [7] for the explicit formulas.
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where I', is a damping constant. C, is a complex factor of the specific vibration.
The square of Xgl,v corresponds to a Lorentzian profile and can be deduced classically
from the anharmonic oscillator and quantum mechanically by perturbation theory. The
quantum mechanical treatment yields the result, that C, is essentially the product of
IR and Raman cross sections [9,10]. This is why a vibration must be both IR active
and Raman active to be observable in SFG spectroscopy.

The SFG signal is obtained by inserting (2.30) into (2.27):
2

L2
E]R’

2 —
Isrg o ‘(Xg«)‘i‘X?el)’ )E’uis

= (!xﬁf)\z + 2 [x2] [x2] cosp + }xﬁilf) ‘Evisz‘EIR‘2

(2.32)

¢ is the phase angle between the complex quantities Xﬁ{i’ and X&il

For self-assembled monolayers on gold, a vibrationally non-resonant SFG intensity
arises from the gold and | X,(@%«)| is significantly larger than |X$i)s|7 which represents vibra-

tional transitions in the adsorbate. Then (2.32) can be approximated by

—

) o7 N P NC TR

Ispq o |X,(12r)

+ 2@ [ eoso | |

inter ference

As the interference term can take positive and negative values, peaks in SFG spec-
troscopy appear positive or negative on the non-resonant substrate signal. From the
expressions (2.12) and (2.33) it follows that the amplitude of the resonance in the SFG
spectrum is proportional to the density N of the adsorbed molecules. If the relative
intensities for different vibrations of the adsorbate changes, or if the peaks even change
their sign, information on reorientation of the chemical groups in the adsorbate might
be obtained [11,12].

When the non-resonant substrate signal is negligible as in the case of polydimethyl-
siloxane (PDMS) (see chapter 5) the SFG spectrum is governed only by the resonant

second order susceptibility:

Isrc o |x2)|’ Bl EIRF XA > k@] (2.34)

The SFG signal for this case is proportional to N? (eq. 2.12).

2.5 Coverage dependence of the SFG signal

In this section it will be discussed, how the non-resonant and resonant contributions to
the effective first order nonlinear susceptibility y (2.27) give rise to electronic and vi-

brational contrast in sum-frequency microscopy (SFM). These two contrast mechanisms
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Figure 2.6: Schematic of the total first order nonlinear susceptibility x(? for thiols on gold.

will be used in SFM to monitor the adsorbate density of thiolates on gold and to do

surface specific chemical imaging (chapter 4).

According to (2.32) the SFG intensity Ispq for a fixed experimental geometry de-

pends on the first nonlinear susceptibility:

2
Ispa o x5 + X2 : (2.35)

The non-resonant effective second order susceptibility Xﬁ{? as well as the resonant XS?S

are functions of the adsorbate coverage ©. Thus (2.35) is written more precisely as
‘2

Isre o< [X2(0) + X7 (©) + X{oh(wir, ©) (2.36)

It consists (Fig. 2.6) of the substrate contribution Xfﬁ«)(O), which changes by X;l(z)(@)

upon adsorption of the thiol, and a contribution Xfil (wrr, ©) coming from the vibrations
of the adsorbate.

For thiolates on Au X&%«)(O) is about an order of magnitude larger than any of the
other contributions on the right hand side and the latter two can be treated as small

quantities:

Isre o [XP | ~ X2 (0)] +2cos(é1) [x2(0)] [X2(0) |+2c0s() [x 2 (0)] X2, (wir, ©))|

(2.37)
The first term is a frequency and coverage independent term from the Au surface re-
sulting from interband transitions in Au at the SFG frequency [13], the second is the
coverage-induced change of the broadband signal (see section 4.6), and the third term
represents the vibrational features of the adsorbates. ¢; with (i = 1,2) is the phase
factor between the respective parts of the first order nonlinear susceptibility. For an

SFG intensity [, measured outside any vibrational transition the third contribution
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on the right hand side of (2.37) becomes negligible. Thus, from measurements under

non-resonant and resonant conditions two values

(2)
X'r‘es(@) Ires - Inr @
R(6) = 2e0s(6n) T . o) (2.38)
Xnr nr
1(2)
O 1.0

Xnr

can be determined, which measure x(? at each position on the sample normalized to
the value of the substrate. )27@9(@) gives a chemical map for a specific molecular group
and ;z;??,)(@) monitors the adsorbate density (more details in section 4.6).

When the clean substrate value 1,,,.(0) is not directly accessible, it is replaced by the
average of I,,.(0) in the images. Then the inclusion of the constant factor 2cos(¢;) allows
the direct comparison of xﬁi’s(@) with the normalized peak height in the corresponding

spectra.
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Chapter 3

Development and setup of a

sum-frequency microscope

In this thesis a sum-frequency microscope (SFM) capable of in-situ chemical imaging
of interfaces has been developed. High electric fields are needed in order to achieve
sufficient SFG intensity, such as those created by picosecond laser-pulses. The complete
optical setup produces one beam of pulses at a fixed visible wavelength of 532 nm and
another beam of laser pulses with a tunable wavelength. In this work infrared pulses
were employed in order to use SFG as a vibrational spectroscopic technique (see section
2.4). The complete accessible range spans the wavelength interval from 410 nm to
10 pm and the setup therefore can also be used for spectroscopy of electronic transitions.
Essentially the setup is based on the process of optical parametric generation (OPG)
and amplification (OPA) starting from the third harmonic of a Nd:YAG laser.

The optical apparatus was completely re-installed and expanded at the Max-Planck-
Institute in Stuttgart at the beginning of this thesis. It is similar to the one used before
at the Ecole Polytechnique Fédérale in Lausanne [7]. However, an additional amplifier
for the fundamental laser beam was integrated in the setup. This led to the tripling of
the IR energy per pulse. The spectral width of the generated pulses was narrowed by the
implementation of a grating with 2400 lines/mm. As the control software of the CCD
camera only runs under the Windows® operating system, the experiment control and the
data acquisition software had to be written completely new. A substantial improvement
in the long term stability of the output energy was achieved by the installation of a new

climate control in the laboratory.

The optical setup is based on a design developed and extensively described by Krause
and Daum [14,15]. Therefore especially theoretical aspects will be treated quite concisely

in the description of the laser setup (section 3.1). The main part of this chapter (section

21
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3.2) deals with our novel SFM design and its performance. Sum-frequency microscopy
requires the measurement of low photon numbers. Hence the role of predominant noise

sources will be discussed at the end of this chapter (section 3.3).

3.1 Laser setup

A schematic drawing of the whole laser system is shown in Fig. 3.1. The main parts of

it are as follows:

3.1.1 Nd:YAG laser and generation of third harmonic genera-
tion

The generation of tuneable laser radiation starts from an active-passive mode-locked
Nd:YAG laser (Continuum, PY-61C-20) that supplies pulses with a wavelength of
1064 nm (9398 cm™') at a 20 Hz repetition rate. Passive mode-locking is realized by
a saturable absorber (Q-Switch I, Exciton) resulting in a pulse length of 35 ps [5]. An
acousto-optical modelocker is used for active mode-locking. The oscillator is operated
at a pulse energy of about 2.9 mJ. The pulse then is amplified in a one-pass amplifier.
Pulse energies up to 60 mJ can be achieved. The final energy of the laser beam is fine
tuned by adjusting the temporal delay between the flashlight triggers of the oscillator
and the amplifier. Thus the parameters of the flash lights do stay constant and so does
the temperature of the Nd:YAG rods. This avoids a change in beam divergence. The
beam diameter is 9.5 mm and typical pulse energies are 25 mJ.

The fundamental frequency is doubled and finally tripled by type II KD*P crystals
(deuterated potassium dihydrogenphosphate, KDyPOy) [16]. The third harmonic pulses
with a wavelength of 355 nm (28193 ¢cm™!) have an energy of 3-3.5 mJ per pulse.
Although higher energies are easily obtainable that value is sufficient to operate the

OPG/OPA setup in saturation.

3.1.2 OPG/OPA for the visible and near infrared

The beam profile of the third harmonic beam is improved by a spatial filter to allow for a
efficient parametric generation in the OPG/OPA setup consisting of two lithium borate
crystals (LiB3Os, short LBO), cut for type I phase matching. These hygroscopic crystals
as well as the one of the OPG/OPA for the mid-infrared are kept at a temperature of
5041° C to prevent crystal degradation by humidity. By difference-frequency generation

(see chapter 2.1) the pump beam at 355 nm produces a spontaneous parametric emission
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in the first LBO crystal, which is then amplified by the second crystal. Energy as well
as momentum are conserved in this conversion process. Signal and idler pulses at a
defined wavelength are generated for a given tuning angle due to the anisotropic index
of refraction in the LBO crystals [15]. Tuning the angle of both crytals is thus the
method to change the wavelength. As the two crystals are turned in opposite directions,
the offset of the involved laser pulses in each crystal is compensated. The spectral
width of the generated pulses is due to the width of the seeding beam in the optical
parametric amplification process [15]. Therefore its monochromaticity is enhanced by
inserting a grating (2400 lines/mm, Jobin Yvon) and a slit between OPG and OPA.
The achieved resolution is better than 10 cm™! (see discussion in section 3.1.3). The
obtainable wavelengths range from 4200 to 24000 cm~!. The pulse energy of the signal
at 22200 cm ™! combined with the idler, which is used for seeding the second OPG/OPA
to obtain pulses with w;r &~ 2900 cm™!, is about 80 pJ. Depending on the wavelength

the intensity varies slowly on the scale of ~ 100s cm™! [7].

3.1.3 OPG/OPA for the mid infrared

Chemical information in sum-frequency generation techniques is obtained from vibra-
tional transitions of molecules. Vibrational spectroscopy in the interesting region of
wavenumbers from 1000 to 4000 cm~! demands for laser pulses in the mid infrared.
For this goal the narrow band radiation generated in the OPG/OPA described above is
used to seed a second OPG/OPA. It consists of two collinearly built up AgGaSs crystals,
which are cut for type I phase matching and, which are pumped by the fundamental laser
beam (9398 cm™!). The wavelength is also changed by angular tuning. The output in an
ideally seeded parametric generation and amplification process depends exponentially
on the pump intensity, if exact phase matching and no pump depletion are assumed
and if the seeding beam is much weaker than the pump beam [14]. Therefore an addi-
tional Nd:YAG amplifier was installed. 15% of the fundamental laser beam (1064 nm)
is separated before the frequency tripling unit and then amplified by a factor ~ 15. The
beam size and divergence of the fundamental beam can be adjusted independently by
a three lens telescope in front of the OPG/OPA. The maximum pump intensity at the
entrance side of the first crystal is kept below (20.5GW /cm?), i.e. a factor of two be-
low the damage threshold. The divergence overcompensates self focusing effects, which
otherwise might lead to pump intensities above the damage threshold.

Again a signal and an idler component are generated by down conversion. The
spectral range of the signal extends from 4700 cm ™! to 9400 cm™!. The idler wavelength

can be tuned between between 1700 cm~! and 4700 cm~!. By re-aligning the setup, also
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Figure 3.2: Transmission spectrum of a polystyrene foil measured with an FTIR spectrometer

(line) and in the described setup (diamonds).

IR pulses at lower wavelengths down to 1200 cm ™! can be achieved although with very
low pulse energies [7]. Either spectral component can be selected by appropriate optical
filters. In the range of the CH vibrations, i.e. w;r ~ 3000 cm™?, typical energies are

250 pJ/pulse. Maximum energies are about 400 pJ/pulse.

The spectral width of the generated laser pulses is determined by the spectral width
of the seeding beam unless there is broadband optical parametric generation in the
AgGaS, crystals, which, however, is not observed for the given pump intensity. A
limit of the spectral resolution can be given by comparing the IR transmission spectra
of a polystyrene foil recorded with a FTIR spectrometer (resolution 4cm™!) with the
one obtained by using the IR output from the AgGaS, crystals (Fig. 3.2). Numerical
convolution of the FTIR data with a width such that the result resembles the spectrum
recorded with the output of the AgGaS, crystals yields a spectral resolution of Aw;g ~
10 em ™! in our setup. This agrees with the best resolved vibrational resonances, which

have been measured (e.g. Fig. 4.4).

Due to slight differences in the aligning procedure of the whole optical apparatus
(beam path ~ 30 m) the absolute wavelength does not exactly equal the nominal wave-
length. The absolute calibration of the IR is therefore done every day by recording a
transmission spectrum of the polystyrene sheet and by comparing it to the reference
spectrum, which gives the exact postion. This calibration is done with a precision

< 2cm™.
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Finally it turned out that the slit width in the LBO-OPG/OPA does not influence
the spectral width significantly.

3.1.4 Wavelength control, data acquisition and ambient condi-

tions

As already mentioned before, the wavelength is tuned by changing the angle of the
OPG/OPA crystals and the grating position. This control as well as data acquisition
and data display is done with a PC. The software has been developed as a part of this
thesis. It connects the steering of the crystals with the CCD software and includes
necessary aligning routines and the automatic acquisition of spectra. The sample can
be positioned by a semi-automatic auto-focusing program. Evaluation software also
written during this thesis comprise an automatic cosmic ray removal, the extraction of
local spectra from a bigger frame and sophisticated binning processes.

Ambient conditions have a significant influence on the stability of the aligning and
the energy output in the IR. The new installation of an air conditioning system, which
keeps the temperature constant to +0.5°C, proved to be crucial. Additionally it turned
out that all optical beam paths need to be shielded against air currents by means of a

curtain.

3.2 SFM: Design and characterization

3.2.1 General considerations

Nonlinear optics comprises a number of powerful techniques in material analysis and
much effort is presently made to develop imaging methods that combine high spatial
resolution with the specific properties of various nonlinear optical processes. Examples
for recent efforts are improvements in coherent anti-Stokes Raman spectroscopy (CARS)
microscopy [17], the increasing number of second harmonic generation microscopes all
over the world, the construction of the first sum-frequency microscope [18], and first
results in combining near field techniques with sum-frequency generation [19-21]. One
basic advantage of processes, which involve more than one incident photon, is the fact,
that the spatial resolution can be improved when compared with an equivalent linear
process [22,23]. In addition, high interface specificity can be obtained for second order
optical processes, e.g. nonlinear processes like second harmonic generation (SHG) and

sum-frequency generation (SFG).
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In an SFG experiment, two intense light pulses are overlapped on a sample in time
and space to generate light at the sum of the frequencies of the two light waves. In the
electric dipole approximation, the generation is absolutely interface specific for centro-
symmetric samples (chapter 2). Due to its nonlinearity, the process shows low efficiency
and the incident beams have to be focused to get close to the corresponding sample dam-
age threshold in order to minimize measuring times. In an SHG experiment, only one
intense beam is incident on the sample and the doubled frequency is observed. Whereas
the SHG signal for wavelengths typically shorter than 1 um is often determined by elec-
tronic transitions at the sample, the use of SFG with an IR and a visible beam allows
vibrational spectroscopy in the IR thus providing chemical contrast from vibrational

transitions (section 2.4).

SHG microscopy has been developed as a scanning method to study biological tissues
[24] and sample inhomogeneities. It was developed further instrumentally to study
one-dimensional diffusion of metals on metals [25] and became a full interface imaging
technique [26]. Similar to CARS microscopy and in contrast to IR micro-spectroscopy
both lateral resolution limit and detection efficiency of SFG microscopy (SFM) are due
to the generated visible wavelength (e.g. around 450 nm) although it is sensitive to
transitions, which correspond to wavelengths of some micrometers. It has been shown
that in SFM, areas of different chemical composition or varying molecular orientation
can exhibit contrast at characteristic IR wavelengths [18]. SFM thus combines in one
instrument potential ym spatial resolution, sensitivity to even buried interfaces, chemical
contrast, and — depending on the time structure of the employed incident beams — ns

or ps time resolution.

In the literature, there are some promising first results in near-field SFG microscopy.
Still, we decided to develop a far-field SFG microscope for several reasons: The SFG-
intensity of interfaces or even submonolayers is generally very low, thus demanding
integration over several laser shots. Taking images of larger areas (e.g. 100 x 100 pixels)
by means of scanning will thus require long measuring times. Given the limit of surface
damage, which restricts the power per surface area for the incident beams, lasers with
low repetition rate (20 Hz) and high pulse energy (> 100 u.J) like the one described
in section 3.1 make it far more preferable to measure those pixels simultaneously and
not in a pointwise scanning mode. Moreover, the quantitative interpretation of data
becomes much more involved when near-field light sources or near-field detection are

employed.

Although accessible by common laser equipment and in spite of its attractive prop-

erties, to best of our knowledge only one IR-vis-SFG far-field microscope (SFM) has
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been reported yet [27]. This may have to do with the low efficiency of the SFG process
and the close angular and spectral proximity of the reflected visible beam and the gen-
erated SFG beam. The solution to overcome this problem in the above-mentioned SFM
setup is the use of total internal reflection in the substrate for the incident visible beam,
a solution that limits, however, the applicability to substrates, which are transparent
in the visible, and excludes the important classes of metals and semiconductors. For
these reflecting substrates, the illumination has to be made from the observation side
of the sample by oblique incidence in order to obtain a high electric field component at
the surface (section 2.3). For oblique incident beams, however, the most intense SFG
component leaves the surface at a similarly large angle, which is determined by the
two-dimensional wave vector conservation at a homogeneous interface.

Depending on exact geometry and wavelengths, this SFG light is emitted in a di-
rection at most a few degrees away from the reflection of the incoming visible beam.
Emission from regions breaking the translational in-plane symmetry of a sample, how-
ever, does no more obey wave vector conservation. SFG light of higher multipole order
than electric dipole emission, which can be emitted by small aggregates, or SFG light
carrying structural information from the sample (e.g. emitted near sample inhomo-
geneities), propagates in directions covering a large solid angle (Fig. 3.3). Sampling a
substantial part of this light and obtaining full spatial information thus prohibits an
angular separation of SFG light and reflected light from the incident beams, which is
usually the basis for background suppression in coherent, specular SFG spectroscopy at

interfaces. In the microscope setup the suppression relies on spectral filtering alone.

3.2.2 Microscope Design

Reflecting samples have to be illuminated by visible and IR light at incidence angles
around 60° with respect to the interface normal in order to maximize the nonlinear
Fresnel coefficients and thus the SFG intensity for the important ppp polarization com-
bination, i.e. when incident and SFG beams are all p-polarized (section 2.3). Thus
the zeroth order coherent SFG beam leaves also at angles near 60° in a direction close
to the reflected visible beam. This means that this most intense SFG beam will enter
the entrance lens of a conventional optical microscope observing the sample along the
surface normal only close to the lens edge if at all. At the same time the objective
will obstruct the incoming visible and IR beams. Aligning the imaging optics along
the axis of the zeroth order SFG signal, however, will yield a focus only along one line
while sample regions in front of or behind the focal plane will be out of focus in the

image plane. As the depth of field decreases with a growing numerical aperture while
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Figure 3.3: Principle of SFG microscopy. In contrast to ”classical” SFG spectroscopy not
only the specular beam is observed. Diffracted beams contain the light emitted by point-like

sources and carry the information of sample inhomogeneities.

the spatial resolution increases, both quantities cannot be maximized simultaneously.

A possible solution is suggested by the Scheimpflug principle. It states, that an object
is imaged in focus, if object plane, lens plane and image plane share an intersection line.
A special case is the conventional photo-camera, of course, where those planes intersect
at infinite distance. If the optical axis lies at a non perpendicular angle with respect
to the object plane, the image plane has to be tilted correspondingly (Fig. 3.3). While
the image is undistorted in the case of 1:1 magnification the distortion grows with
increasing magnification. Furthermore the angle between optical axis and image plane
soon approaches 0° [28]. Thus a magnification of e.g. 50x is experimentally not feasible.

Another hypothetical solution to overcome these constraints would be the use of a
sample with a zigzag surface similar to a grating with a blaze angle of 30° and facets
of <1 pum height. From each facet the SFG zeroth order light is emitted right into
the objective, which is observing the grating from above while the whole surface stays
within the depth of focus of the objective. Of course, such a concept would impose
unacceptable restrictions on sample geometry. Additionally the Fresnel factors would
be reduced because the angle of incidence would be only 30° on the facets.

A combination of both ideas solves the task to image the sample in focus with a

good resolution and at an angle of 60° (Fig. 3.4a): Light originating from a flat surface
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or interface is projected without magnification onto a blazed grating (see imaging path
in Fig. 3.4b). This image is then magnified by a microscope whose axis is perpendicular
to the macroscopic surface of the grating. The grating thus has to be placed in the
image plane of the non-magnifying 1:1 system as well as in the object plane of the 50x
microscope system. Its blaze angle is 30° so that the light emitted from one point of
the sample is reflected into the microscope objective (Fig. 3.4b). In addition, its grating
constant must be such that SFG light from the surface is diffracted in first order by the
grating towards the microscope objective (illumination path in Fig. 3.4c). The essential

components of the SFM will be described in the following paragraphs.

The construction aims at observing the SFG signal generated by a 532 nm visible
light pulse with IR light from the narrow band optical parametric generator and amplifier
(OPG/OPA) setup covering the important region of vibrational transitions between
1000 em™! and 4000 cm™! (10 - 2.5 pm). Restricting the aim to spectroscopy in the
range of 2.9 yum - 4 pum, the SFG signal will have a wavelength between 450 nm and
470 nm. The setup can in principle be extended to a larger IR region and allows also
difference-frequency generation (DFG) for the same IR range after exchanging some of
the spectral filters and the grating. For 450 nm SFG wavelength, a 1800 lines/mm
grating (blaze 500 nm; supplier: Jobin-Yvon) was chosen. Two f = 58 mm, /1.2 Noct-
Nikkor objectives with aspherical lenses (supplier: Nikon) are used for the 1:1 imaging
of the sample onto the grating. The 50x microscope consists of an LPlan 50x / 0.45
objective (Nikon) with 17 mm working distance and a tube lens. Apart from keeping
perfect focus, the setup has another important property, namely, that the image of a
sample appears on the CCD as if the sample is directly observed from above, i.e. a
square on the sample becomes a square in the image. It allows obtaining undistorted
images in spite of observation from the side. The aligning procedure is described in
detail in Appendix A. After having developed and tested the design we became aware
of a proceedings contribution by J.C. Chastang [29], which analyzes the properties of
oblique imaging via a grating and proposes the scheme as a microscope attachment

already in 1983. A publication on an application of this scheme was not found, however.

The intense visible and IR beams incident on the sample in an SFG experiment
are to a substantial percentage reflected from a metallic or semiconducting sample. It
is generally not difficult to attenuate the mid-IR beam (3 pum - 10 gm) because most
optical components in a microscope have a vanishing transmission in this range. In
contrast, one cannot avoid that the reflected beam at 532 nm will exhibit a tight focus
within the glass components of the objectives and can thus easily damage the imaging

optics. One can estimate that an attenuation of > 4 orders of magnitude for this beam
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Figure 3.4: (a) Schematic setup of the SFG microscope with the employed optical elements.
(b) Path of the imaging beam. (c) Path of the illumination beam.
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Figure 3.5: Synthetic absorption curve of the four-filter-combination discussed in the text.
The curve is the sum of four absorbance curves measured for the individual filters. Due to the
limited sensitivity of the spectrometer optical densities larger than 5 may be underestimated

in this plot and may in reality be larger.

is necessary already in front of the first objective. This is accomplished by a low-cost
dichroic short pass interference filter (edge 460 nm; Linos Photonics), which itself is not

damaged by the intense visible beam and transmits > 80% of the SFG signal.

The suppression of stray light from various sources is an important point given the
small intensity of the SFG signal. As a general measure, the whole setup is covered by
a box made of black cardboard, which admits light only along the imaging beam path.
Apart from diffuse light originating from room illumination it is sample luminescence
and especially the reflected visible beam, which must be attenuated by several orders
of magnitude in order to become negligible with respect to the SFG signal. A basic
attenuation along the beam path is obtained by a holographic notch filter (center 532 nm,
width 10 nm; Kaiser Optical Systems Inc.), which removes almost 5 orders of magnitude
of the visible beam while letting pass 70% of the SFG signal. A further combination of a
band pass filter (450 nm, width 40 nm; L.O.T.-Oriel) and a short pass filter (edge 510 nm,
Omega Optical Inc.) suppresses both shorter wavelengths from ambient light, to which
the CCD is still sensitive, and longer wavelengths, which may be efficiently generated
by luminescence of the sample. These interference filters are inserted in-between the
microscope objective and the tube lens, where all light beams propagate at a minimum

angle with respect to the optical axis (Fig. 3.4a). The effective wavelength-dependent
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transmission of the combination of the 4 filters discussed above is shown in Fig. 3.5 for
the sensitive spectral range of the CCD camera.

The visible incident beam at 532 nm is suppressed by more than 20 orders of mag-
nitude while about 30% of the SFG signal near 450 nm is transmitted. An additional
significant attenuation of wavelengths longer or shorter than the SFG signal is due to
the blazed grating (Fig. 3.4c). If required for certain cases, the setup can be turned
into the setup of specular SFG spectroscopy without sacrifice of sensitivity by complete
binning of the obtained image and replacing the first filter between sample and objective
by a pinhole, which removes the specular SFG beam by angular filtering.

The desire for high quantum efficiency for photon detection and low noise led to
the choice of a back-thinned, liquid Ny cooled CCD camera. It consists of a grade
1 SITe chip with 512 x 512 pixels of 24 x 24 pum? area each, integrated in a camera
built by Roper Scientific. Depending on the SFG intensity a gated intensifier can be
mounted in front of the CCD chip (section 3.2.4). In order to use optimal instrumental
resolution, the pixel size should be at least two times smaller than the limit given by
the imaging optics (Nyquist Theorem). Depending on the objectives used, one may
expect a resolution down to 1 gm. Thus a magnification factor of 50 is appropriate

2 on the sample. The total

because one pixel then represents an area of 0.5 x 0.5 pum
field of view seen by the CCD is 250 x 250 pm?, which is adequate for many types of
interface studies. Further magnification will be disadvantageous given the operational
limitation by sample damage that sets a limit to the absolute number of photons, which
can be emitted for a given sample, surface area, and pulse duration. A number for the

experimental conditions will be given below.

3.2.3 Evaluation of the microscope performance by test struc-

tures

The properties discussed in the following paragraphs are not essentially different for
linear and nonlinear optics but they are obtained much faster in linear optical experi-
ments. Thus the optical system was characterized in the beginning by images of cali-
brated test structures (NBS-test No. 29, supplier: Heidenhain), which were illuminated
by monochromatic blue incoherent light (A = 450+5 nm). The initial characterization
was performed with the CCD setup without intensifier.

An omnipresent and rather trivial reduction of image quality is due to local flaws
in spectroscopic filters, grating inhomogeneities, and, finally, small dust particles on

different optical components in the beam path. For linear optics imaging, Fig. 3.6
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Figure 3.6: Examples of the reduction of grating and filter inhomogeneities: (a) raw image.

(b) the same image after normalization to an average of blank images (also see the text)

shows that most of these spots can be removed by dividing the image by an average of
some twenty images taken on different parts of a homogeneous sample. In this thesis
that type of general flat field correction by an average of linear optical images has been
applied to all linear images and most of the SFG images. A second problem arises
specifically at extremely low light levels, as in SFG imaging: The number of cosmic ray
events in an exposure can become important for exposure times of several minutes. Each
such event affects mostly 2, rarely up to 4 pixels (see e.g. Fig. 3.10b) and is stochastic
in the sense that it affects different pixels in successive exposures. The spurious count
rates can thus be removed simply by comparison within a series of exposures under the

same conditions.

Magnification — Distortion-free imaging

Fig. 3.7a shows horizontal lines of a 22 linepairs/mm structure. The image allows
evaluating the magnification in vertical direction in several regions of the image field
assuming a pixel distance of precisely 24 um. The result is displayed in Fig. 3.7c. In this
figure the magnification values are printed in the region equivalent to the region where
they have been obtained in the original image Fig. 3.7a. Equivalently, the vertical lines
in Fig. 3.7b are used to obtain the magnification in horizontal direction (Fig. 3.7d).
This evaluation yields an average vertical magnification factor of 50.3 (£ 0.5) and a

horizontal magnification factor of 51.1 (£0.5). The error corresponds to an uncertainty
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Figure 3.7: Determination of image distortion. Top: Image of a 22 linepairs/mm structure
(a) for horizontal lines, (b) for vertical lines. Bottom: Values obtained by evaluating the
magnification in different parts of the images (c) for the vertical magnification, (d) for the hor-
izontal magnification. The magnification values are printed in the region of the box equivalent

to the region where they have been obtained in the images (a) and (b).

of one pixel. Within this precision the imaging is distortion-free.

Figs. 3.7a and b also show that the edges of the stripes stay focused in the entire
image and do not become blurred with increasing distance from the image center. This
fact is non-trivial for the horizontal direction because the left edge of the images is
208 pm closer to the objective than the right edge. For comparison, focusing is done by

approaching the sample to the first objective and must be done with < 3 pm precision.

Spatial Resolution

Fig. 3.8a shows an image of a test structure with 110 linepairs/mm, which are still
well resolved. Analyzing the images of still smaller structures allows to find the res-
olution limit. It was verified by numerical convolution that the resolution defined by
the Rayleigh criterion is given by the period of the striped structure, which exhibits

8% of the intensity modulation of a perfectly well resolved structure (see also [30]). By
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Figure 3.8: (a) Well-resolved test pattern (110 linepairs/mm); (b) resolution limit for vertical

lines: 180 linepairs/mm; (c) for horizontal lines: 320 linepairs/mm

interpolating a series of images for different stripe periods one finds that this limit is
reached for the horizontal resolution at 4.9 um (approximately the period of vertical
stripes in Fig. 3.8b) and for the vertical resolution at 2.8 ym (approximately the period
of horizontal stripes in Fig. 3.8¢).

The anisotropic resolution is a consequence of oblique imaging. It results from the
fact that a square on the sample appears as a rectangle when observed from the direction
of the first objective. The apparently shorter distance in the square creates a diffraction
pattern, which leads to beams under larger angles than the apparently longer distance.
It is for this reason that the camera objective, which lets pass a circular section in
reciprocal space, can still transmit the first order diffraction of the apparently larger
distance while it already misses the first order of the apparently shorter distance. From
this reciprocal space argument one expects the ratio between vertical and horizontal
resolution to be cos(60°) = 0.5 in reasonable agreement with the experimental result.

A simulation of the oblique imaging reproduces the anisotropic resolution (Fig. 3.9)
as shown for point-like structures. The object consists of light emitting points in the
object plane O. The field amplitude A, can be calculated for each point of the lens

at the distance dopjiens from the object:

5 j—lens
Ajens = Z Agpj exp <i2ﬂ%) (3.1)

objects
The intensity Ijmnq0e can be determined by an integral over the lens: The integral over

the lens plane was replaced by a discrete sum over 2000 points randomly distributed at
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Figure 3.9: (a) Model of anisotropic resolution in the 1:1 imaging process: (b) (O) object

plane, (A) calculated intensity in a plane perpendicular to the optical axis, (B) calculated

image in the plane of the grating

the lens position (Fig. 3.9a).
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The lens is assumed to be perfect. The first simulation shows the image in the plane
perpendicular to the optical axis (A). The points on the vertical line in the central field
of view are in focus. They are broadened by diffraction due to the finite lens aperture.
Points closer to or further away from the objective are out of focus. Fig. 3.9b (B) shows
the simulation for the Scheimpflug configuration used in the SFM. The whole field of view
stays in focus. The anisotropic resolution is reflected in an elliptic diffraction pattern
of the single points. As expected, the ratio of the resolution in the simulation is equal
to cos (f = 60°) = 0.5. The experimental result is 0.6, which is in fair agreement. The
simulation is based on a diffraction-limited system. Introducing spherical aberrations
of the lens in the simulation reduces the resolution but leads to a similar elliptic, i.e.
anisotropic point spread function.

In experimental practice it should often be possible to rotate the sample in a way to
make use of the better resolution.

The diffraction limited resolution Ax at A = 450 nm derived from the Abbe formula
Ax = 1.22 A\/NA, in which NA is the numerical aperture, is Ax = 0.92 um for the cam-
era objectives (NA = 0.6) and Ax = 1.22 pm for the microscope objective (NA=0.45).
The result for the resolution does not attain this limit. As an intermediate image is

created on the grating the worse of the objectives will determine the overall resolution.
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Figure 3.10: Proof of background suppression: Uncorrected raw data with 5 minutes exposure
time, 4x4 pixels binned. (a) SFG intensity from a GaAs sample; (b) same conditions but with
the visible beam delayed by 50 ps with respect to the IR beam. The intensity scales for both
images are identical. White pixels in (b) are due to cosmic rays. The bright spot in the lower

left corner is due to an inhomogeneity of CCD dark current.

Experiments in which both systems were tested separately showed clearly that the mi-
croscope objective almost reaches its diffraction limit while one single camera objective
only attains a resolution of about 4 ym at A = 632.8 nm. This demonstrates that the
resolution in the setup is due to the fact that the camera objectives do not reach the
diffraction limit. This result might suggest that a substantially smaller aperture can
be used for the 1:1 projection. The large aperture size is, however, useful in order to
collect a maximum of light emitted from strongly inhomogeneous samples as it has been

discussed already in the introduction.

Performance for sum-frequency generation

So far the optical performance of the microscope itself has been characterized. Its
performance for the SFG method will be demonstrated in the remainder of this section.
As pointed out earlier the damage threshold of a sample ultimately limits its SFG
photon yield. A good SFG microscope will detect a large amount of the generated
photons. Typical integration times for laser intensities below this limit will be given
for the 35 ps 20 Hz laser pulses generated by the laser setup described in section 3.1.
Pushing the damage threshold by using higher repetition rates and shorter pulses each
containing less energy will reduce the necessary measuring times.

Fig. 3.10a gives an example for the observation of a sum-frequency signal for the
microscope setup with coincident 532 nm (visible) and 3.4 pm (IR) pulses. The energy
of the 35 ps laser pulses employed for the SFG measurements in this chapter are typically
200 pJ/pulse in the visible beam at 532 nm slightly focused to a large spot of 4 mm?
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Figure 3.11: Resolution in an SFG image: (a) for a vertical and (b) a horizontal edge of a
GaAs sample. The exposure time was 120 minutes. In the measurements, four pixels parallel
to the edge were binned keeping the resolution perpendicular to the edges. At the bottom the

average of 8 line scans in the boxed area are shown together with the fits discussed in the text.

and 250 pJ/pulse in the IR pulse at 3.45 um (2900 cm ™) focused to about 0.1 mm?.
Both beams have to overlap in time and have to be adjusted to the sample area imaged
by the microscope. The observed SFG signal generated by a GaAs sample corresponds
to 3.4 x 10° photons detected by the CCD chip during an exposure of 300 s (6000 laser
shots). An array of 4 x 4 pixels was binned to one pixel in order to reduce the read-out
noise (see subsection 3.3.1). The detected average intensity is 2.6 photons per minute
originating from a (0.5 ym)? area. The intensity in the center of Fig. 3.10a is 3.7 photons
per minute per (0.5 um)?. Higher intensities could not be obtained without damaging
the GaAs sample. The intensity distribution in the image is due to the visible and IR

beam profiles.

As expected for an SFG process, the observed intensity disappears completely when
either the visible or the IR beam is blocked. Fig. 3.10b proves furthermore that no
light is observed when both beams are incident but the visible pulse is delayed by 50
ps with respect to the IR pulse (pulse length 35 ps). This demonstrates the absence of

background and luminescence light in the image.
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In order to verify the anisotropic resolution also for oblique SFG imaging, an image
of the edges of a GaAs wafer broken along a defined crystallographic direction was made.
Such edges are known to be straight and sharp on a sub-um scale. In the case of GaAs
the observed SFG signal is dominated by the bulk contribution.

Already on first inspection of Fig. 3.11 the SFG image shows sharp imaging without
signs of defocusing at the edges of the image field and a better resolution in vertical
than in horizontal direction. In both measurements, four pixels were binned in a row
parallel to the respective sample edge. As the edges are parallel to the rows of the
pixels this type of binning reduces the read-out noise without reducing the resolution
in the direction perpendicular to the respective edges. Fitting an error function (erf)
to an average of 8 such line scans yields as a distance between the 10% and the 90%
intensity level a value of 4.6 pm for the vertical and 2.9 pym for the horizontal edge. This
corresponds to a resolution according to the Rayleigh criterion of 4.9 pum in horizontal
and 3.1 um in vertical direction in good agreement with the above results obtained by

linear optics experiment.

3.2.4 Intensified CCD

The data presented so far, have been recorded directly with the CCD chip. Therefore the
setup is very sensitive to background light. Especially this influence can be efficiently
reduced by the use of an image intensifier (Gen II, S20 cathode, manufacturer: Roper
Scientific).

Figure 3.12 shows the schematic design of such an intensifier. A photon that hits
the input multi-alkali photocathode leads to the emission of an electron with a prob-
ability given by the quantum efficiency QE of the cathode material. The electron is
then accelerated towards the electron-multiplying microchannel plate (MCP) by a bias
voltage of ~ 200 V . In the MCP, high voltage (~ 800V) leads to further acceleration
and multiplication of the electron number producing secondary electrons by electrons
hitting the walls of the channels. The electrons exiting the MCP are accelerated by a
constant voltage of 8 kV and strike the phosphor screen, where they are converted to
photons again. One detected photon is converted into ~ 1000 photons. The multiplying
factor displays some scatter, as will be described in the next subsection.

In gated mode operation the high voltage is always applied to the MCP and the
phosphor screen. Only the voltage between the photocathode and the MCP is switched
from positive to negative bias. For a positive bias the electrons cannot reach the MCP,
the intensifier is turned off. As the switching voltage is only 200 V gating can be done at
very high speed and the gate-controller (PG200, Roper Scientific) allows for gate widths
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Figure 3.12: Schematic design of the image intensifier.

down to t4qte = 5 1s.

The gate is triggered by the laser pulse when it leaves the laser. Usually a gatewidth
of tgate = 100 ns is employed with a minimum delay of 30 ns. This gatewidth and delay
guarantees, that the voltage of the MCP is at its maximum when the signal arrives.
For a laser repetition rate of 20 Hz this corresponds to a background suppression of
20 x 100 ns/s=1/500 000 for light, which is not synchronous with the laser pulses (e.g.
ambient light) or which is delayed (luminescence). In order to keep the setup as versatile
as possible the MCP is coupled with a 1:1 two-lens-system to the CCD. These systems
are known to impose a vignetting effect on the image [31], i.e. a homogeneously image
appears brighter in the center than at the periphery. This can be corrected for by
the flatfield procedure described in subsection 3.2.3. As a drawback the photocathode
reduces the quantum efficiency QE for photon detection by a factor of about 5 when
compared with the back-thinned CCD alone (Tab. 3.1).

Fig. 3.13 shows a horizontal and a vertical edge of GaAs taken at a wavelength
of A = 450 nm using the intensified CCD (ICCD) setup. Below the image the line
indicated in the image is plotted. The vertical resolution is evaluated to be 3.2 pm.
The horizontal resolution (Fig. 3.13b) is 5.1 gm. This is in good agreement (Tab. 3.1)
with the results obtained without image intensifier (subsection 3.2.3). Thus the MCP

does not reduce the spatial resolution significantly. The resolution is still limited by the
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Figure 3.13: Linear optical images (A = 450 nm) of (a) a horizontal edge of GaAs. The
cross-section corresponds to the line drawn in the image. Vertical resolution: 3.2 pm. (b) a

vertical edge of GaAs. Horizontal resolution: 5.1 pym

camera objectives used for the 1:1 optics. The manufacturer specifies the coupling optics
with a 60 yum spot size FWHM on the CCD. For a magnification of 50 this corresponds
to a resolution of ~ 1.2 um. Folding the resolution obtained for the GaAs edges with
the SFM without intensifier (section 3.2.3) with this value yields a theoretical horizontal
resolution of 5.0 um and a vertical one of 3.2 ym. This agrees with the obtained result

for the ICCD within experimental error.

CCD ICCD

vert. resolution (pm) 3.1 3.2
horiz. resolution(um) 4.9 5.1

QE at the detector (A=450 nm) || 0.82  0.15

Table 3.1: Specifications of the SFM with and without intensifier. While the quantum effi-

ciency QE differs significantly the spatial resolution is similar for both configurations.

3.3 Maximizing the SNR in SFG microscopy

Due to the low intensities, usually related to SFG microscopy, it is indispensable to

maximize the obtainable signal-to-noise ratio (SNR) and therefore to consider the main
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sources of noise. In the first section this will be done for the CCD in the second for the
intensified CCD.

3.3.1 SNR in SFM using the CCD

For a scientific grade CCD there are three primary noise sources: Photon noise, read-out
noise and dark noise [32]. Noise in this sense denotes the scatter in the intensity/pixel
from frame to frame. The signal for the CCD is given in photons/pixel, which corre-
sponds directly to electrons/pixel. Thus the noise has the unit (photons/pixel).

The flux, at which photons arrive at a fixed position, varies statistically. For a given

photon flux ® on average n photons are present in a time-interval At:
n=>o At (3.3)

The actual number of photons hitting the detector in the same time interval At at an
arbitrary time will be n with a probability P(n), which is Poisson distributed for usual
light sources [32]:

P(n)=—e™" (3.4)

The number of detected photons in the same time interval is determined by the quantum

efficiency
number of detected photons

QE =

which denotes the probability that an incident photon is recorded by the detector. The

, (3.5)

incident photons

photon noise 0,4, of the measurements equals the square root of the detected photon

signal n x QFE:

Ophot = /7t X QE = /®At x QF. (3.6)

As photon noise is inherent in the generation of light it cannot be reduced by camera
design.

Read-out noise .4 is electronic noise generated mainly in the amplification process
of the signal in the CCD AD-converter. A 0,..q of about 34 photons/pixel per readout

was measured. If an image is recorded by adding m frames, the total readout noise is

Oread,m = \/Eo-read . (37)

The dark current I, stems stems from thermally generated electrons in the CCD
chip. Dark current noise g4, is the statistical variation of this charge generation and

it follows Poisson distribution. o4, is therefore given by:

Odark = V Idark:At . (38)
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Under measuring conditions, i.e. when the CCD chip is cooled with liquid nitrogen to
T = -120° C, Ia is reduced to 1.62 e~ /pixel per hour!. Dark noise plays a negligible
role in the applications in this thesis if compared with both read-out noise and photon
noise.

Spikes due to cosmic rays constitute a substantial origin of noise in the raw data as
their intensity corresponds to hundreds of photons. As they can be readily removed by
comparing different frames acquired under identical conditions (section 3.2.3), they will
not be considered here. For the intensified CCD their role is small anyway, as will be
clear in the second part of this section.

Fig. 3.14a shows the signal-to-noise ratio for the CCD camera without intensifier as
a function of time. The line shows the SNR calculated under consideration of the three

noise contributions just described:
Signal detected photons PALQFE

SNR =227 — = -
Noise \/Uzhot + Ugark: + o’gead,m \/(DAtQE + IdarkAt * Mread

(3.9)

The photon flux ® of 1 photon per pixel and minute is a value that is typically achieved
in the measurements on Au substrates. The exposure time t.,, = 10 min is a tradeoff
between low read-out noise and number of cosmic ray events. At first the case of no
binning is treated. The triangles denote the SNR including only photon noise o, while
the circles represent the SNR if only read-out noise o,..4 is considered. The latter case
is almost identical to the exact value calculated with (3.9) (solid line).

At these low intensities the total SNR is dominated by 0,eqdm. Therefore (3.9) can
be approximated by

®QE Al D QE At

SNR =~

mofead B Uread\/ﬁ B
(3.10)
d QF
de X (\/texp VAL)

In the read-out noise dominated regime the SNR scales as /Z.,, with the exposure time
per frame and as v/At for longer acquisition times.

The first possibility to improve the signal-to-noise ratio by adjusting the recording
parameters of the CCD is the use of longer exposure times. Fig. 3.14b (B) shows this
v/2 enlargement of SNR by doubling tezp- A second and stronger effect has the binning
of pixels to a "superpixel”. The signal scales with the number n;, of pixels binned
together, while the read-out noise stays the same for the "superpixel”. For a 2 x 2

binning this increase by a factor of 4 is shown in trace (C), which comprises all three

laccording to the data sheet of the CCD chip
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parameters:

© ®= 1 photon/px/min
R 10.00 exposure time/frame = 10min
§" no binning
Z 1.00 QE=10.82
7o) O = 34e/px

0.10 I, =0.027 e/px/min
©
a 10.00 A no binning, 10 min exp./frame
E B no binning, 20 min exp./frame
Z 1.00 C 2x2 binning
N

0.10

10 100 1000
time (min)

Figure 3.14: Calculation of the signal to noise ratio for the CCD camera without intensifier:
(a) (line) SNR calculated with eq. 3.9 and parameters given in the box. (circles) SNR with
only read-out noise considered. (triangles) SNR with only photon noise considered. (b) (A)
same data as in (a). (B) SNR for longer exposure times per frame. (C) SNR with 2 x 2 pixel

binning

noise contributions. A 2 x 2 superpixel corresponds to an area of ~ 1 x 1 um? on the
sample in the SFM setup. The Nyquist theorem is still fulfilled for the resolution of
the SFM, which is > 2 um. Therefore usually 2 x 2 binning is applied for taking SFM
images. It is important to note, that the noise would increase as y/ny;;, and such would

the SNR, if the binning is done via software after the acquisition.

There are at least two further possibilities to modify the setup in order to reach
the photon-noise limited case: First, there are laser systems on the market that have
a repetition rate of ~ 2 kHz. Compared to the 20 Hz laser system used in this thesis
this means an increase of the signal by a factor of 100 for identical pulse energies and
total acquisition times. The impact on the SNR in sum-frequency microscopy will be
demonstrated in chapter 7. There is no such laser at this institute but the microscope
itself is mounted on a breadboard (70 x 60 cm?), which allows making measurements

also at different laser sources. The other possibility will be described now.
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3.3.2 SNR in SFM using the intensified CCD

The use of an image intensifier can improve the SNR for low signals. An image intensifier
produces ~ 1000 photons on the CCD for one incoming photon. So the contribution
of the read-out noise becomes negligible. This comes at the cost of a lower quantum
efficiency QF of the intensifier when compared with the bare CCD chip. In addition
the multiplication factor for a single photon in the MCP scatters significantly as can be
seen in Fig. 3.15: An image was taken at such low intensity that single photons could be
spatially separated on the CCD chip. The histogram shows the distribution of counts,
that are produced for one single photon. The fit of this distribution with a Gaussian
yields a mean multiplication factor M = 328 counts/photon with a standard deviation

oy = 148 counts/photon.
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Figure 3.15: Histogram of the MCP multiplication M factor for single photons. The Gaussian
fit (solid line) gives M = 3284148 counts/photon.

The signal S in units of counts/pixel is given by
S=nQEM | (3.11)
with an average number of detected photons
Nget =P QF At =n QF . (3.12)
The standard error is given by

On,det = n QE . (313)
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Figure 3.16: Signal-to-noise ratios for ICDD and CCD using the same flux of photons (solid
lines). SNR for the ICCD if only photon noise is considered (triangles).

Using the theory of error propagation the noise og is obtained:

(05N (95Y
0s = andet On,det OM Om

_ \/M2 nQE + n2QE> ngiE (3.14)

(3.14) and (3.11) combined give a signal-to-noise ratio of

M
SNR = \/ﬁ\/QEW ~+/n QFE 091 . (3.15)

vV + oy

The SFM with the intensified ICCD thus shows a photon noise limited behavior for the
detected photons 7 x QE. The fact, that the SNR achieves only nine tenth of \/n QF
is due to the scatter in the multiplication factor M. Fig. 3.16 compares the SNR for the
intensified CCD with the one obtained for the CCD alone. The reduced QFE of 0.15 of
the MCP at A = 450 nm has been accounted for. Identical illumination intensities of
1 photon/(pixel minute) have been assumed. The SNR is enhanced by a factor > 5 by
the use of the image intensifier.

This motivates the decision to use the ICCD as standard detector for the 20 Hz
laser setup. The data presented in the following sections has been recorded with the

intensified CCD and usually the pixels have been binned 2 x 2.
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It shall be mentioned already here that the SNR discussed here is the one of the
total SFG intensity in one pixel. The chemical contrast in sum-frequency microscopy on
Au substrates is usually a difference of ~ 10% in the total signal (see chapter 4). The
”chemical” signal is therefore smaller than the total SFG intensity and the subtraction
of two images increases the noise by a further factor of v/2. This leads to a significant
reduction of the SNR in the chemical contrast. Nevertheless the results of the next
chapter demonstrate that the SFM allows for the quantitative chemical characterization

of interfaces.



Chapter 4

Chemical imaging and vibrational
spectroscopy of micro-structured

self-assembled monolayers

Self-assembled monolayers (SAMs) [33] of organic molecules provide numerous possibili-
ties to modify the properties of metal- and semiconductor interfaces or of nanoparticles.
Applications comprise amongst many others the control of wetting, corrosion protection
and immobilization of bio-molecules.!

SAMs of alkanethiols (HS(CHs),-1CHs, short C,,) and their w-terminated deriva-
tives have been studied extensively e.g. with scanning-tunneling-microscopy (STM),
atomic force microscopy (AFM) [35], He-scattering, and IR spectroscopy. Due to its
high sensitivity to molecular order and symmetry, sum-frequency spectroscopy con-
tributed significantly to the insight into the conformation and the orientation of the
molecules in the SAM [36-38]. Alkanethiols can be deposited on metal surfaces from
the vapor phase, from solution [39] or by microcontact printing [40,41], where they
chemisorb spontaneously. Especially long chain thiols (n>12) on Au(111) are known to
form well ordered, densely packed and stable monolayers. This order, the wide variety
of possible functionalizations and the relative simplicity of preparation makes this class
of SAMs also a model system for bio-membranes.

As the system alkanethiol/Au(111) is probably the best characterized self-assembled
monolayer it is challenging to test the potential of the sum-frequency microscopy for a
quantitative chemical analysis of a multi-component SAM with an inscribed chemical
pattern. In addition SFM yields information on laterally structured SAMs, which is

hardly accessible by space averaging methods like most spectroscopic and diffraction

More appliances and respective references are found e.g. in [34].
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terminal group surface properties

spacer group intra-SAM interaction

head group interface binding
substrate

Figure 4.1: Schematic structure of a self-assembling molecule and major interactions.

techniques.

Sum-frequency microscopy (SFM) combines the strengths of SFG spectroscopy with
the benefit of lateral resolution on the pm-scale: SFM can quantitatively probe the
composition of structured monolayers on the pm-scale by taking complete spectra with
the microscope. In principle it is not necessary that the terminal groups are different
in their chemical properties as e.g. in their hydrophobicity, as they are in the studies,
which use different AFM techniques with chemically modified tips [42,43]. SFM allows
for the identification and quantification of particular chemical groups (even with isotope
selectivity). This is a prerequisite for studying diffusion and intermixing processes in
multicomponent SAMs prepared by microcontact printing. Taking SFG images at vi-
brationally non-resonant wavelengths gives access to the total molecular density of the
SAM on the Au surface.

SAMs are formed by chemisorption of molecules, which consist of three building
blocks (Fig. 4.1): The head group of the molecule binds to the substrate. The spacer
group stabilizes the monolayer and is important for its order and compactness. Its
length combined with the orientation defines the distance of the terminal group from
the substrate. The terminal group determines the surface properties to a large extent.
For alkanethiols the thiol group corresponds to the headgroup, the methylene chain
forms the spacer group and the methyl group is the terminal group. For w-terminated
alkanethiols the terminal group is substituted by another group, e.g. by a carboxyl
group.

SFM probes in particular the conformation, orientation and order of the backbone
and the terminal group of the SAM. In contrast, STM probes predominantly the head-
group and topography on a much smaller length scale [12]. Furthermore, SFM is a

method, which allows to take in-situ images under ambient conditions and in solutions,
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which is not possible for many spectroscopic and diffraction methods as high-resolution

electron energy loss spectroscopy (HREELS) [44] and low energy helium diffraction [45].

In section 4.1 the main characteristics and properties of alkanethiolate SAMs will be
summarized. Section 4.2 gives an overview of microcontact printing used for preparing
SAMs with patterned chemical functionalities. A short description of the sample prepa-
ration follows in section 4.3. Section 4.4 shows the results obtained for self-assembled
monolayers from solution. These results are compared to the SFG spectra for micro-
contact printed SAMs (section 4.5). The difference between the SFM images taken at
the edge of large printed areas (section 4.6) and images of 10 ym wide line patterns
(section 4.7) gives information about the printing process. Quality and composition of

SAMs after coadsorption are probed by spatially resolved SFG spectra.

4.1 Properties of alkanethiolates on gold

In the first subsection the main structural properties of SAMs from alkanethiols on
Au(111) will be summarized. The second part of this section gives a brief overview on

the kinetics during the adsorption process.

Structural properties of alkanethiolate SAMs

Upon adsorption of the alkanethiols on the Au(111) surface, the reconstruction of the
clean gold surface is lifted. The S-H bond is cleaved and the thiol chemisorbs to the gold
surface via the sulfur atom. The high binding energy of 30.1 kcal/mol, which is nearly
independent of the chain length n, contributes to the high stability of the SAM [46]. The
van-der-Waals interaction between adjacent molecules in densely packed monolayers is
at least 0.8 kcal mol™! per methylene unit [47] and it is thus the second important
stabilization factor.

Long chain thiols (n > 12) form well-oriented, compact and crystalline monolayers
at room temperature. A full monolayer (ML) exhibits a hexagonal packing of the sulfur
atoms in a (v/3 x v/3)R30° structure with respect to the Au(111) surface [45,48] (Fig.
4.2a). Further studies identified a ¢(4x2) superlattice [49,50]. SFG spectroscopy [36] and
X-ray standing wave results [51] indicate that the sulfur atoms are located not exactly in
the three-fold hollow sites. Kluth et al. [44] deduce from their HREELS measurements
that octadecanethiol adsorbs in the three-fold hollow sites at room temperature but that

annealing at 375 K results in the formation of sulfur dimers that arrange in a ¢(4 x 2)
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unit cell. The origin of the ¢(4 x 2) superlattice is still under debate ( [34] and ref.
therein).

The methylene chains of alkanethiolates on Au(111) are tilted by 6 ~ 30° [47,52-55]
(Fig. 4.2b) from the surface normal in order to minimize the free energy of the SAM by
van-der-Waals interactions of the spacer groups. The number of gauche-defects is low
and the chains are in an all-trans zig-zag configuration (Fig. 4.2b). 6 mainly depends on
the interplay of the lattice constant of the substrate and the intra-SAM chain-chain in-
teraction. The tilt direction ¢ is defined as the angle between the projection of the chain
onto the Au(111) surface and the next-nearest-neighbor(NNN) direction of Au(111) (Fig.
4.2a). ¢ depends on the length of the methylene backbone and ¢ ~ 8° for Cig [56].

SAMs made from alkanethiols tend to exhibit a higher degree of disorder with de-
creasing chain length n [57]. Furthermore phases different from the ¢(4 x 2) structure
have been observed mostly for short chain thiols (n< 12)( [34] and references therein),
of which the best known is the pinstripe phase at coverages below 1 ML [58-61]. This
stripe phase is classified as (p x v/3) (p integer or half-integer), where p is the spacing of
the stripes and v/3 the periodicity within the stripe, both in units of the Au(111)-lattice
spacing. The distance between the stripes scales with the length of the alkanethiol and
the stripe spacing is approximately twice the length of the respective molecule. There-
fore most models assume that the thiol lies flat on the surface. For decanethiolate on
Au(111) Schreiber et al. [62] found the stripe phase for coverages © below 0.27 ML, an
intermediate phase with unknown structure for increasing coverage and the beginning
of the ¢(4 x 2) phase at © = 0.47 ML. The stripe phase of alkanethiolates has been
used recently as a template for producing bimolecular fullerene chains on Au(111) [63].

There is no clear evidence of a stripe phase in SAMs assembled from solution with
commonly used concentrations (~ 1 mM). It has been observed for a low concentration
(0.3 uM) by Yamada et al. [64]. One reason for this might be the high rate of adsorption
for concentrations in the mM range, which makes the time window of the existence of
the stripe phase too short.

Recently the stripe phase was observed for a long chain thiol, namely Cig, during
the assembling process in a extremely diluted solution of Cig in ethanol (< 1uM) [65]

and in a thermal desorption experiment [66].

Kinetics of the adsorption process

The adsorption process of thiols from solution on Au(111) is a process with at least two
steps [39,67,68]. It was studied first by Bain et al. [39]: Among differently terminated

alkanethiols they investigated the temporal adsorption behavior of octadecanethiol and
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a b

Figure 4.2: Schematic of tilt orientation of alkanethiols on Au(111): (a) tilt direction ¢
relative to the nearest neighbor direction. The grey parallelogram corresponds to the (y/3 X

V3)R30° cell. (b) tilt angle # with respect to the surface normal.

mercaptohexadecanoic acid by ellipsometry. Two distinct steps were identified: More
than 80 % of a monolayer adsorbs in a fast process (seconds to few minutes for 1 mM
solutions of octadecanethiol or mercaptohexadecanoic acid). Experiments with STM
[64], AFM [69] and SHG [70] revealed the domain-wise growth of the coverage in this
first step. The completion and ordering of the SAM in the second step takes several
hours [39].

The initial adsorption step is described well by Langmuir kinetics [37,70,71]. Quan-
titative results vary between different groups and it seems that the reason is the different
sample preparation. The Langmuir model is based on the assumption that there is no
interaction between the adsorbed molecules and that the rate of growth is proportional
to the number of free adsorption sites. For a detailed discussion of more sophisticated
models see e.g. [34].

Recently Himmelhaus et al. [37] studied the adsorption process from solution with
SF'G spectroscopy by examining the evolution of the vibrational resonances as a function
of the immersion time. They reported a fast initial adsorption step (~5 min for a 3 uM
solution of Cy; in ethanol). In this step the spectrum is dominated by a broad feature
centered around wyp = 2916 cm ™! attributed to the antisymmetric methylene stretching
mode. This indicates a high degree of gauche deformations in the hydrocarbon chain.
The first adsorption step is followed by the straightening of the hydrocarbon chains,
which happens on a 3-4 times longer timescale, as indicated by the substantial decrease

of the methylene peaks. In the third and final step the reorientation of the terminal
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group occurs, as measured by the evolution of the peaks corresponding to the methyl
group and the methylene group adjacent to the methyl group. This step is ~ 35 times
slower than the initial step. The final order in the SAM is induced by the adsorption of
the last 10-20 % of a full monolayer.

4.2 Printing chemical micro-patterns into SAMs

In producing monolayers, which consist of different molecular species, the homogeneity
and stability of the pattern during and after preparation is of importance. Interdiffu-
sion, desorption and exchange processes can diminish the purity of chemical patterns.
Sum-frequency microscopy is a direct method for the quantitative investigation of these
processes by chemical characterization on the pym-scale with sub-monolayer sensitivity.

Various methods have been developed for the lateral structuring of chemical prop-
erties on surfaces, e.g. electron beam lithography [72], dip-pen lithography [73] and
microcontact printing (£CP) [40,41]. In xCP an ”ink” — a solution containing the ad-
sorbate molecules — is brought in contact with the substrate by means of an elastomeric
stamp fabricated from polydimethylsiloxane (PDMS) (see also subsection 4.3). The
method is in principle suited for producing sub-100 nm structures [74]. Recently also
the printing of single proteins has been demonstrated [75]. uCP offers many advantages:
Only one initial lithographic step is necessary to produce a so-called master (Fig. 4.3),
from which several copies of the actual stamp can be obtained. Printing is done un-
der ambient conditions and arrays of different patterns can be produced on large areas
(> 1 cm?) in a parallel process.

Subsequent printing routines on the same substrate with different inks or filling up
uncovered regions of the substrate with molecules from solution allows to inscribe a
chemical pattern into the monolayer. This is e.g. useful in controlling wetting proper-
ties of surfaces as well as in creating templates for selective adsorption of microcrystals
on a pattern [76]. Biomedical applications include the selective binding or adhesion of
proteins, larger bio-molecules and cells at defined positions [77]. A tempting perspec-
tive, which pCP also offers, is the possibility to realize an interface between laterally
structured biomaterial and structured microelectronics.

Chemical patterns of thiolates produced by pCP have been investigated by sev-
eral techniques: An indirect technique for evaluating the compactness of microcontact
printed SAMs measures the protection they provide to the gold surface against etching
agents [74]. An exact correlation between surface coverage of thiolates and the pro-

tection against the etching agent is probably difficult to establish, especially for low
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thiolate coverages. For multicomponent SAMs scanning probe studies revealed the role
of domains (size ~ 15-40 nm) during the coadsorption of SAMs [78,79]. Scanning tun-
neling microscopy (STM) gives a better resolution than atomic force microscopy (AFM)
but probes mainly the head group, i.e. the sulfur [12]. AFM with functionalized tips
allows to differentiate qualitatively between hydrophobic and hydrophilic regions in a
mixed SAM [43]. The quantitative interpretation of the measurements, however, is dif-
ficult as the contrast is not only due to the chemical groups (see section 4.5). Scanning
electron microscopy (SEM) shows a contrast between methyl- and hydroxyl-terminated
alkanethiolates. This contrast is most probably not due to the different chemical groups
directly but to contaminants, which adsorb more readily on the high free energy sur-
faces with terminal hydrophilic functionality [76]. The resolution of scanning electron
microscopy studies in the literature is usually > 50 nm, so that domains are not resolved.
Therefore regions might appear homogeneous in SEM images, although they consist of
two kind of domains with different thiolate species, as in the exchange processes during
post-adsorption of a thiolate on a pattern printed with a different thiolate (see section
A7),

Such exchange processes of alkanethiolate SAMs in a solution with an adsorbed thi-
olate species have been investigated e.g. by contact angle measurements [80], voltam-
metry [81], FT-IR external reflection spectroscopy [82], SEM and secondary ion mass
spectroscopy (SIMS) [83], and AFM [43]. It was found that molecules in a well or-
dered monolayer are exchanged at a substantially lower rate than in disordered SAMs
or layers with sub-monolayer coverage. Thiol molecules with a terminal COOH group
are reported to replace adsorbed alkanethiols with up to 9 methylene groups more in
a photolithographically patterned SAM on the timescale of 10 min [83]. This indicates
that hydrogen bonding of the terminal carboxyl group contributes significantly to the
stability of the SAM. Cooper et al. give an estimate for the energy per carboxyl group
of at least 7.2 kcal mol™!. No exchange has been observed for homogeneous alkanethi-
olate SAMs on the same timescale [83]. On the timescale of ~ 100 h an exchange for
homogeneous SAMs has been observed [81]. When only alkanethiols are involved, longer
alkanethiols can displace shorter ones due to the higher enthalpy of the interaction be-
tween the methylene groups. This exchange is not always complete and a fraction of

the thiolate, which is presumed to be bonded near defect sites, is not exchanged [84].
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4.3 Sample preparation

Polycrystalline Au(111) films on glass

All SAMs in this work were deposited on Au-films on glass substrates. The thorough
cleaning of the substrate included ultrasonic treatment in acetone and cleaning with
nochromix/HsSOy conc. This ensured a low density of defects in the Au-films (thick-
ness 2000 A), which were thermally evaporated in vacuum (base pressure ~ 1075 mbar)
on a 20 A thick adhesion layer of Cr. These films are polycrystalline with a Au(111)
surface orientation of the individual crystallites. Each gold film was flame-annealed

below red glow (T'< 550° C) before the thiol is adsorbed.

Self-assembly from solution

In order to prepare homogeneous self-assembled monolayers, flame-annealed Au-samples
were immersed in thiol solutions. Typical immersion times were > 12 hours for
solution-assembled SAMs, and ~ 15 min for producing chemical patterns by post-
adsorption from solution. Octadecanethiol (HS(CHz);7CH3) and mercaptohexadecanoic
acid (HS(CH3);5COOH) (Aldrich) were used as received to prepare solutions in pure
ethanol (p.a.). The solutions were stored in the refrigerator under exclusion of light to

minimize photo-induced oxidation of the thiols.

Microcontact printing

Flat stamps were prepared by mixing SYLGARD184 (manufacturer Dow Corning) with
a curing agent (ratio 10:1) and pouring this mixture into a petri dish made from
polystyrene. After 1 h (to allow bubbles to escape from the mixture) the mixture
was stored at 65° C for at least 12 h in order to achieve complete polymerization. Pieces
were cut from the stamp and the side facing the bottom of the dish was used for printing.

For the preparation of micro-structured stamps the micropatterned master is pro-
duced from a silicon wafer by electron beam lithography and reactive ion etching. This
master (Fig. 4.3a) can be reproduced many times in PDMS (Fig. 4.3b) by the same
procedure as described for the flat stamp. Microcontact printing is done under dust-
reduced conditions at room temperature. The applied procedure is illustrated in Fig.
4.3c+d: The flat or patterned stamp (~ 5 x 10 mm?) is freshly cut, rinsed with 10 ml
of ethanol, and dried under a stream of No. A drop of thiol solution (~ 100 pl) is put on
the stamp. Typical soaking times are 30 s (flat stamp) or 60 s (structured stamp). The
drop is removed under a stream of nitrogen applied for at least 20 s. The stamp then is

placed on the substrate within 15 s. Contact to the substrate is verified by the change
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Figure 4.3: Patterning by microcontact printing: A micropattern on a Si master (a) can be
replicated many times as a PDMS stamp (b). Inking this stamp with a solution of thiols (c)

and subsequent printing (d) generates a thiolate pattern (e) on the Au substrate.

of reflecting properties at the polymer/gold interface. If necessary, light pressure is em-
ployed to accomplish complete contact. Contact times ranged from 30 s to 120 s. The
sample with the thiolate pattern (Fig. 4.3 e) is rinsed with ethanol and either mounted
in the SFM or immediately immersed in a thiol solution for producing micro-structures

consisting of two different thiolates.

4.4 Probing order by sum-frequency spectroscopy

in monolayers self-assembled from solution

4.4.1 Octadecanethiolate SAM

Fig. 4.4 shows SFG spectra of SAMs prepared by immersing the Au-substrate overnight
(>12 h) in a 1 mM ethanolic solution of octadecanethiol (brief Cyg) or mercaptohexade-
canoic acid (brief C;;COOH) respectively. The lines as guide to the eye are the data
(symbols) smoothed with an average of 3 neighboring data points. To our knowledge
this is the first SFG spectrum reported of a C15COOH SAM. The molecules are sketched
in Fig. 4.5. Both spectra have been normalized to the non-resonant background on the

low-energy side of the spectrum.
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Figure 4.4: SFG spectra of differently terminated self-assembled monolayers: Octadecanethi-
olate SAM (top). Mercaptohexadecanoic acid SAM (bottom). (The dots are exp. data, the

line is the smoothed data, the bottom spectrum has been offset by -0.5 units for clarity.)

(a)  s-CcH),-CH, (b)  s(cH,),-cooH

Figure 4.5: (a) Molecular structure of all-trans octadecanethiolate on Au. (b) Mercaptohex-

adecanoic acid with and without gauche defect (dark atoms=oxygen).

For the octadecanethiolate SAM three stretching modes appear as negative peaks on
a high SFG intensity generated at the thiolate-Au interface. The high intensity is due

to an interband transition of the gold that has its threshold around 506 nm [13]. The

1

infrared energy of w;r = 2900 cm™ corresponds to a wavelength of the SFG light of
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vibration cm™! | symbol
CH,

CHjs, sym 2880 rt

CHjs, sym, Fermi 2939 rhe

CHjs, antisym, in plane 2967 I},

terminal CH,, sym, adjacent to CHz | 2865 d;

CH,, not observed
CH,, sym 2855 d+
CHs, antisym, 2916 d-

Table 4.1: Vibrations of the methyl and methylene group of an octadecanethiolate SAM self-
assembled from solution. The values for CHz are taken from the SFG spectrum in Fig. 4.4.

The CHy positions are observable for less well ordered phases and are taken from [37].

ca. 460 nm, which lies well above this threshold (see also section 2.4). This SFG signal
shows no features in the range of the spectra and is denoted therefore as (vibrationally)
non-resonant.

The three peaks can be assigned to the following methyl resonances of the adsorbed
thiolate: The symmetric vibration at 2880 cm~' and its Fermi resonance at 2939 cm™*
and the antisymmetric vibration at 2967 cm™! [11,37,55,85,86] (Tab. 4.1). The peaks
are negative because there is a phaseshift of ¢ ~ m between the resonant second order

susceptibility X@g and the non-resonant XS) (compare Eq. 2.33). The antisymmetric

1'is not

stretching mode of the methylene group in the alkane backbone at 2916 cm™
observed. This is due to the high order in the octadecanethiolate layer with the back-
bone being predominantly in an all-trans configuration (Fig. 4.5a). The resulting local
inversion symmetry for the CHs-groups suppresses the emission of the corresponding
SFG signal. This local symmetry does not hold for the terminal CHs-group next to the

methyl group. Therefore a small positive peak can appear at 2865 cm ™! [37].

4.4.2 Mercaptohexadecanoic acid SAM

In contrast, the C;5-COOH SAM does exhibit symmetric (2860 cm™!) and antisymmetric
(2930 cm™!) methylene vibrations (Fig. 4.4 bottom). The strength and spectral width of
these modes demonstrate the deformation of the alkane backbone (see the left molecule
in the Fig. 4.5b), which destroys the local inversion symmetry [3]. From the spectrum,

which is comparable to the one of an amino-amido thiolate [38], it can be concluded that
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the hydrocarbon backbone of the C15-COOH thiolate is not in an all-trans configuration.
Bittner et al. estimate for similar methylene intensities that the intensity is due to > 1
CH,-group per molecule [38]. Dannenberger et al. propose as a model for their NEXAFS
results on SAMs with a terminating carboxyl group, that already at the beginning of
the adsorption process the carboxyl groups dimerize due to hydrogen bonding with an
energy gain of 60 kJmol™!( [87] and references therein). Such a dimer is most stable
for a planar configuration of the two COOH groups involved, a constellation, which is
incompatible with a well ordered methylene all-trans backbone and thus in agreement
with the observed spectrum.

A vibrational line directly related to the carboxyl group was not observed in the SFG
spectrum between 2400 cm ™! and 3720 cm™ (see also section 4.7.2). The range includes
vibrations and overtones of the free and the hydrogen bonded carboxyl group [88]. There
are several possible reasons for this result: 1.) The product of the IR and the Raman
tensor might be small and may leads to a peak height, which is smaller than 5% of the
Au signal. This value is needed to identify the peak in the SFG spectrum. 2.) The
IR dipole moment may be oriented parallel to the Au surface. The Fresnel coefficient
for this geometry is too small for the peak to be detected. 3.) The COOH-groups
are oriented at random. This isotropic orientation of the endgroup is not likely due to
the strong anisotropy of the interface. 4.) The dimerization of two carboxyl groups
in a planar configuration, suggested by Dannenberger [87] et al., possesses inversion

symmetry [88] and can thus explain the vanishing SFG signal.

4.5 SAMs printed with a flat stamp

The preparation of SAMs from solution leads to a laterally unstructured monolayer.
Microcontact printing has been described in section 4.2 as a straight-forward method to
produce laterally structured chemical patterns with dimensions down to 100 nm. In this
section the sensitivity of sum-frequency spectroscopy to molecular order and orientation

is used to compare printed SAMs with SAMs prepared from solution.

Fig. 4.6 displays the SFG spectrum of a Ci3-SAM, which was printed on a Au-
substrate with a flat, i.e. unstructured, PDMS stamp (concentration 1 mM, 30 s inking
time, 60 s contact time). The spectrum was taken about 3 mm away from the edge
of the stamp. Table 4.2 lists the position of the prominent peaks. Their positions and
amplitudes agree well with the ones of the SAM self-assembled from solution (Tab. 4.1

and upper spectrum in Fig. 4.4). The ratio of the intensities in the symmetric and
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Figure 4.6: The SFG spectrum in the inner region of a microcontact printed octadecanethio-
late SAM (upper spectrum) is similar to the one of the solution assembled SAM from Fig. 4.4
(top spectrum), which is also displayed in this figure at the bottom with an offset of -0.5 units.
(dots = data, line = 3-point-smoothed data, vertical lines at the position of the dominant

methyl vibrations)

antisymmetric CHj stretching modes are about the same indicating a comparable aver-
age tilt angle of the thiolates [12]. Symmetric and antisymmetric methylene stretching
vibrations are not observed either. Thus the spectrum of the printed monolayer is in

good agreement with the one of the solution-assembled SAM.
This result is in agreement with the result from a NEXAFS study, which observed

vibration cm™! | symbol

terminal CH,, sym, adjacent to CHs | 2865 d;

CHs, sym 2880 rt
CHs, sym, Fermi 2939 r;R
CHs, antisym, in plane 2968 rﬁp

Table 4.2: Vibrational resonances in the spectrum of the microcontact printed octadecanethi-
olate SAM in Fig. 4.6 top.
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no significant difference for the orientation of the hydrocarbon backbone and the order
in SAMs of Cig (and Cy2) prepared from solution and by pCP with 2 mM ink [89].
Grazing incidence X-ray diffraction (GIXD) also showed the same molecular structure
for both preparation methods, namely the (v/3 x v/3)R30° structure with the c(4 x 2)
superlattice [90]. Identical structures are observed also by STM, although for higher
concentrations of the ink and under different stamping conditions [91]. For a short con-
tact time of 5 s (and with applied pressure to the stamp) Bohm et al. [92] identified
by SFG spectroscopy a vibrational resonance in the CHs region combined with a lower
contact angle in comparison to a solution-prepared SAM of Cig. Both results are at-
tributed to a substantial number of gauche defects at the early stage of self-assembly,
which lead to disorder in the film. However, for longer contact times of 30 s and more,
as used in this thesis, they observe typical contact angles of a well ordered monolayer.
For this longer contact time no SFG spectrum is presented in their publication.

Different from our results and the results just discussed, AFM and especially lateral
force microscopy (LFM) and friction force microscopy (FFM) yield a contrast between
regions, which have been prepared by microcontact printing and from solution. This
contrast is mainly attributed to differences in the density of domain boundaries and
in the defect density and not to the molecular order and structure [89,90]. Bar et al.
showed that contaminants, minimal differences in the packing density of the SAM and
experimental parameters of the AFM influence substantially the contrast observed in
LFM and FFM [93,94].

4.6 Contrast in sum-frequency microscopy: The

edge of a uyCP-SAM on gold

The results on thiolate SAMs presented so far were obtained by SFG spectroscopy. Ac-
cording to equation 2.33 the spectrum reveals information on the orientation and order
of the thiol molecule, while the question of thiolate density remains open. This question
can be answered by sum-frequency microscopy, which yields additional information by
electronic contrast (see section 2.5). The stability of microcontact printed SAMs at

elevated temperatures is briefly treated at the end of this section.

Fig. 4.7a shows a linear optical image of the edge of a printed C15-SAM region taken
with the microscope in the reflected light with a wavelength of 450 nm. The sample is
the same as in subsection 4.5. The dotted line indicates the border between the printed

region and the bare gold. No difference in the reflected light intensity is observed. In
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contrast, SFM images of exactly the same region (Figs. 4.7b-d) exhibit substantial
contrast.
SFM images of the edge were taken at 2824 cm™!, 2878 cm™!, and 2918 cm™! to

obtain information on the adsorbate density, the methyl contrast )Zgl)gg (Eq. 2.38) , and

the methylene contrast )Z(C%Q Measuring times are 140 min per image and the greyscale
is identical for all three images. The darker region in the upper left corresponds to the
printed area, the brighter area to the clean Au surface. The slowly varying intensity in
the image is due to inhomogeneities of the illumination by the IR beam. The plots on
the right of Fig. 4.7 show the SFG intensity added up along the direction of the arrow in
Fig. 4.7b within the white rhomb. They represent the cross section of the edge between
the thiol and the pure Au. The intensity is normalized by I,,.(0)(w;r = 2824 cm™1)
on the high intensity side of the edge. The x-axis is given by the coordinate measured
perpendicular to the edge. The relative contrast between the two areas is determined
by the high and low intensity at the edge between the dashed lines in the cross sections.

For the non-resonant IR frequency of 2824 cm™! (Fig 4.7b) a contrast of s (©) =
33% in the SFG intensity is observed between the thiolate covered and the pure Au.
)2253) is a measure for the adsorbate density. Buck et al. studied in-situ the adsorption of
thiols on gold by SHG [70,71]. The SHG intensity decreased exponentially in the time
coordinate from the value for pure gold to a value for gold covered by a monolayer of
C16. The formation of the thiolate monolayer can be described by Langmuir adsorption
kinetics (see section 4.1). The thiolate coverage was calibrated in that study by X-ray
photoelectron spectroscopy (XPS). These and another study [95] concluded that for

metal substrates XSE,? changes linearly with adsorbate coverage:
X2 (0) o O (4.1)

The interaction of the sulfur atom of the thiolate with the Au surface modifies the
non-resonant susceptibility. The non-linear optical properties of the interface are ei-
ther localized on a scale smaller than the distance between adsorbates or they arise
from extended regions while the contributions of individual adsorbates remain linear
perturbations. The results from second-harmonic generation in the visible cannot be
transferred a priori to the IR-vis sum-frequency generation process, as y ?) is a function
of the involved frequencies in the three wave mixing (see section 2.2). Himmelhaus et al.,
however, showed that the linear relation (4.1) holds also for IR-vis sum-frequency gen-
eration with wyg &~ 3000 cm™! [37]. From (4.1) and (2.39) follows the linear dependence

of the electronic contrast on the coverage:

V% x 0 (4.2)

nr
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linear optical image at 450 nm
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Figure 4.7: (a) Image taken in reflection with light at a wavelength of 450 nm. (b-d) SFM
images of the same region, which show the edge in a microcontact printed SAM at the (b)
vibrationally non-resonant IR frequency wrr = 2824 cm~!, (c) in resonance with the symmetric
methyl vibration at w;p = 2878 ecm ™!, and (d) with the antisymmetric methylene vibration at
wrr = 2918 em~!. The brightness scale is identical in all three SFM images. Right hand side:
Cross sections for the respective images have been obtained by adding up the lines along the

direction of the arrow within the displayed frame in (b). The x-axis is the distance measured

perpendicular to the edge.
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Figure 4.8: Vibrational contrast of the methyl group for the measurement in Fig. 4.7. The

cross section is obtained as in Fig. 4.7.

The adsorption of thiolates changes the electronic structure in the topmost Au layer.
We use this electronic contrast in sum-frequency microscopy to monitor the thiolate
density.

The electronic contrast )2;53) = 33% corresponds fairly well to the literature: Him-

melhaus et al. [37] report a reduction of ~ 25% in the non-resonant SFG intensity by
the adsorption of a full monolayer of Cy;. The microcontact printed SAM has about the

same adsorbate density, i.e. sulfur intensity, as solution assembled monolayers.

An enhanced contrast of 49% is observed for the methyl resonant wavelength w;p =
2878 cm~! (Fig. 4.7c). This increased intensity difference is due to the additional
vibrational contrast of the methyl group. The chemical information can be separated
by applying (2.38). The result is a pure "methyl map”, which is shown in Fig. 4.8. The
dark regions represent the presence of methyl groups in an upright orientation (dark
because cos(¢y) &~ —1). The bright regions correspond to the pure Au surface. The

edge of the adsorbed thiolate can clearly be discerned. The cross section shows a )2(5}{3

contrast of about 16 + 2% with respect to Xq(f,«)(()). In order to compare )2(313 with the
contrast in the spectrum of this SAM (Fig. 4.6) it must however be normalized to
Y'2(0) + xi2(© = 1) instead of normalizing to y'2 (0). This yields a chemical contrast
of 24 £ 3% in good agreement with the SFG spectrum (28 £ 4%) from the center of the
printed area (Fig. 4.6).

Fig. 4.7d has been recorded in resonance with the asymmetric methylene resonance

at wrr = 2918 em™!. The cross section exhibits a contrast of 32%. For )Z(g}ﬂ evaluated

as just described for )Z(CQ}B no contrast is observed in the image and in the cross section

(noise level ~ 2%, data not shown), demonstrating the absence of gauche defects and
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Cis (uCP, 60 s), unstructured stamp

)ZZ@) norm. to I,,.(0) | norm. to I,,.(O)
X 0.31 -

Ko < 0.02 <0.03
Ko 0.16 0.24

Table 4.3: Non-resonant and resonant contrasts according to eqs. 2.39 and 2.38 for the
microcontact printed SAM in Fig. 4.7. The left column contains the values obtained by
normalization to the pure gold surface. The contrast values normalized to the substrate signal
of the thiolate covered Au surface are listed in the right column, in order to compare the

contrast with the spectrum in Fig. 4.6.

thus the high order of the molecular backbone in the SAM. All contrast values are
summarized in table 4.3.

Combining the results of this and the last section, SFM shows, that the octade-
canethiolate SAM prepared by microcontact printing is equally well ordered as a SAM
assembled from octadecanethiol solution. This order is present in the center of the
stamped area as well as at its edge. These results were obtained for many samples

prepared by this method.

For technical applications it is important to know, how stable the order in the thiolate
SAM is and if the pattern stays unchanged. For this we heated several samples of
microcontact printed SAMs in an argon atmosphere to temperatures between 40° C
an 115° C. The total heating time was up to 220 h. During this time we interrupted
the heating and took SFM images of the edge after the sample had returned to room
temperature. Within the resolution of our microscope (2.8 pm) no broadening of the
edge of the printed SAM was observed. For temperatures above 70° C, however, a

degradation of the SAM was observed, which occurred sooner for higher temperature.

4.7 Monolayers with inscribed chemical micro-

structures

A road to more complex chemical patterns is microcontact printing of one thiol with
subsequent adsorption of a different thiol from solution. In order to understand the
properties of the final structure it is necessary to first characterize the microcontact

printed phase consisting of one thiol. The results of microsctructured SAMs of Cig and
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Figure 4.9: Schematic drawing of the pattern on the micro-structured PDMS stamp.

C15COOH are presented in the first two subsections. These are followed by the results
on chemical patterns produced by post-adsorbing one thiol species on a printed pattern
of the other. The quantitative results of these four subsections are discussed at the end

of this section.

4.7.1 Patterns of octadecanethiolate on Au (uCP)

This subsection characterizes printed C18 micropatterns and demonstrates that the

vapor transport is an significant process even for long chain thiols such as Css.

Patterns of octadecanethiolate on Au with 10 um wide lines and a distance of 50 pym
were prepared by microcontact printing. The pattern (Fig. 4.9) extends over the whole
stamp. Fig. 4.10 shows the SFM results for a sample with the preparation parameters
(Cyg concentration 0.6 mM, 30 s inking, 60 s contact).

The cross section on the right hand side of Fig. 4.10 were obtained again by adding
up lines in the frame parallel to the direction indicated by the black arrow.

The SFM image (Fig. 4.10a) is taken at the vibrationally non-resonant IR frequency
of wrr = 2821 ecm™!. The image provides contrast specific to the Au-thiolate interface
and monitors the density of Au-sulfur bonds. 5(;(3)(@) was determined according to eq.
(2.39) by replacing 1,,,(0) with I,,.(0) of the area between the lines: The non-resonant
contrast of )ZQE?(@) between printed lines and the interspace is 24%.

Fig. 4.10b shows the corresponding image and cross section for w;r = 2879 cm™!.
The respective scales are identical to Fig. 4.10a. The contrast between the printed lines

and the interspace is 34% as it is enhanced by the chemical contrast 92(02}{3

The chemical information ng)qg is displayed in Fig. 4.10c, which shows the chemical
map of the methyl group calculated with (2.38). The contrast of the line pattern in the

image is just above the photon noise level (see also chapter 7). Determining the cross
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Figure 4.10: SFM images (acquisition time = 60 min, average SFG intensity = 35 pho-
tons/pixel) and cross sections of a micro-structured pattern of octadecanethiolate on gold:
(a) at 2821 cm™ !, (b) at 2879 cm ™!, (images reproduced with identical brightness scale). (c)
represents 92(02}13 evaluated with eq. 2.38. I,,(0) was replaced by the value of I,,,(0) in the
Au area for wyp = 2821 cm™!.
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Figure 4.11: The scheme sketches paths of dispersal of thiols during the printing process.
The numbers identify different paths and are referred to in the text. From [74]

section as for Figs. 4.10a and b yields a contrast in )Z(CQJ)%(@) of 9% between lines and
interspace. This contrast is superimposed on a value of )Z(g}{g(@) = —0.05 between the
lines (Fig. 4.10c, cross section). The effect that )Z(CQ}B(@) is <0 also in the interspace

was observed in general for all samples of this kind.

We thus obtain the result that the non-resonant as well as the resonant contrast
between the printed lines and the interspace, which was not in contact with the stamp,
are significantly lower than for the SAM prepared with an unstructured stamp.

The printed pattern (Fig. 4.9) does not consist exclusively of parallel stripes. The
printed area outside the stripes, however, represents less than 7% of the evaluated region.
This reduces the measured contrast in the cross sections of the SEM images by ~ 2%,
i.e. by a value corresponding to the experimental error of £2%. The chemical contrast
)Zg}{?, is reduced by less than 1%, which is definitely within the experimental noise (Fig.
4.10c, right).

Low molecular weight fragments of the PDMS might be deposited on the Au sub-
strate during the printing process and might reduce the quality of the deposited thiolate
SAM. In order to test this effect as the origin of the reduced contrast the identical print-
ing process was applied but instead of the ink only pure ethanol was used. Subsequently
the sample was immersed for 15 min in a 1 mM solution of Cqg. This time is sufficient
to form a monolayer with more than 80% of the final coverage layer [39]. Images taken
at the resonant wavelength were found to be homogeneous and the added up cross sec-
tion (noise level: 3%) showed no contrast. No trace of the periodic line pattern could
be detected in the Fourier transfor of the image. Thus the reduced contrast between
printed areas and the gold in comparison to the results of the flat stamp must originate

from the dispersal of thiols during printing.

Delamarche et al. identified different possible paths for the dispersal of thiols during
microcontact printing [74], which are sketched in Fig. 4.11. These paths are briefly
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summarized as follows: Thiols diffuse easily in PDMS (path 1)( [74], especially reference
42). Where the stamp is in contact with the substrate, lateral diffusion of thiols occurs
at this interface (path 2). This could also affect the interspace of the printed lines (also
paths 3 and 4). Within the precision of our SFM, the printed lines do not broaden for
printing times between 30 s and 120 s. However, at higher concentrations of thiols in the
ink (4.9 mM) we observed a broadening of the lines from 10+ 1 pym to 15+£1 pm. At the
same time no smearing out of the edges is seen within the resolution of the SFM. This
demonstrates that diffusion from the printed area to the interspace should be seen by a
broadening of the lines and that it cannot explain the lower contrast of the interspace
several micrometers away from the printed lines (Fig. 4.10). Path 5 denotes the thiol
diffusion along the PDMS surface and is not considered here, as it does not affect the

Au substrate directly.

The lower contrast values are most likely due to the process of vapor phase transport
of Cyg in the cavities, which form between the stamp and the Au-substrate (paths 6 and
4). In order to study how fast the interspaces are filled by the thiol during the stamping
process we compared the results from the flat stamp with the contrast values of line
patterns printed with the same ink concentration (0.6 mM) for different printing times
(Fig. 4.12 and Tab. 4.4). The Au surface is not exposed to vapor thiol in the experiment
with the flat stamp (section 4.6). Therefore the contrast values in Tab. 4.3 correspond
to an exposure time of 0 s. Further the contrast is given for lines printed 60 s and
120 s, respectively, and evaluated as in Fig. 4.10. The results of section 4.6 justify the
assumption, that the printed lines exhibit a well ordered phase after 60 s and 120 s

contact time.

The contrast for non-resonant wavelengths (full symbols in Fig. 4.12) monitors the
difference in the sulfur coverage between printed lines and interspaces. This contrast is
reduced from 33% , which corresponds to a coverage of 1 ML (Tab. 4.3), down to about
10% (Tab. 4.4). The combined electronic and vibrational contrast for the symmetric

methyl vibration at 2880 cm™! decreases from 49% down to 19% (open symbols).
The results for the two samples with 120 s contact time do differ only slightly. The

evaluation procedure gives an uncertainty of less than £2%. We tested the reproducibil-
ity of the quantitative evaluation for the same sample on two different days. The con-
trast values between lines and interspaces can be reproduced within +1% demonstrating
the reproducibility of quantitative chemical analysis in sum-frequency microscopy. Dif-
ferences in the contrast, which are substantially larger than 2%, are therefore due to

different sample properties and not due to the method.

A linear fit of the data points (Fig. 4.12) shows that the non-resonant contrast
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Figure 4.12: Pattern contrast as a function of exposure time to Cig vapor. The edge in
section 4.6 serves as a reference for contrast without exposure to Cig vapor (circles). For the
structured stamp (other symbols) it is assumed that the contact time corresponds to the time
of exposure to Cig vapor, which is fulfilled if the diffusion through the gap between stamp and
surface is so fast that it can be neglected on this time scale. Values for a non-resonant wrgr

(closed symbols) and in resonance with the symmetric methyl vibration (open symbols).

approaches zero faster than the combined contrast. The linear fit is a qualitative first
order approximation, as the adsorption process follows Langmuir kinetics, which would
result in an exponential decay of the data. The decrease in the non-resonant contrast

shows that thiols are adsorbed in the interspace. The faster decrease in the fit for

Cis (1CP), contrast lines/interspace

norm. to Inr,interspace(g)

IR wavelength | contact time (s)
60s|120s | 120 s

non-resonant || 0.24 | 0.11 0.10
2880 cm ! 0.34 | 0.18 0.21

Table 4.4: Contrast values for microcontact printed lines of Cig with different contact times.

The absolute error of the individual values is +0.02 (see also text).
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the non-resonant contrast can be understood, if we assume, for example, that the thin
phase of C;g exhibits a different averaged orientation or even disorder of the CH3 group

resulting in a lower vibrational contrast (see also section 4.1).

Delamarche et al. [74] studied the transport through the gas phase in cavities formed
by the substrate and the stamp for microcontact printing of sub-pm patterns on gold.
The gold was then etched in a solution of CN~/Os. Well ordered thiolate monolayers
protect the gold surface against etching. Unprotected areas are removed. From SEM
images of the gold substrate after the etching process conclusions are drawn on the
distribution of thiols. The authors clearly see the adsorption of Ci¢ from the vapor
phase in the interspace of sub-um structures. However, for a stamp with a height of
3 pm, which is comparable to the one of the stamp used in this study, they find no
significant deposition of Cy4 between printed lines for contact times of 20 s, even though
the vapor pressure is still one order of magnitude higher for Ci4 than for C;g, which
is used in the experiment discussed here. This apparent discrepancy may indicate the
high sensitivity of sum-frequency microscopy also to thin phases of adsorbed thiolates.
The shorter contact time (20 s) in their publication creates a thiolate phase between
the pattern with a coverage clearly below 1 ML. Such a phase probably does not give

sufficient resistance to the etching.

In order to check whether the unexpectedly high transport rate through the vapor
phase is plausible we used a simplified model: The impingement rate ¢ per area for

molecules of mass m at a vapor pressure p and temperature T is given by [96]:

P
N S , 4.3
¢ 2rmkT (4:3)

where k is the Boltzmann constant. Assuming a sticking probability of 1 yields a lower

limit for the covering time 7. Then the adsorption rate r,qs for a Au surface is given by

¢

Nsites (t) 7

(4.4)

Tads =

where nges(t) is the density of free thiol adsorption sites. The resulting Langmuir
isotherm of the real adsorption process leads to an exponential decrease in the contrast

with e~ * with 7 = 1/7aas-

The fit in Fig. 4.12 can be understood as a linear approximation of the Langmuir

isotherm. In this linear approximation the interspace will be covered after the charac-
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teristic time 7. For

p = 3x107° Pa

m = 286u

T = 300 K
Ngites = 4.6 x 10'8m?

a characteristic time 7 = 17 s is obtained?. This approximation yields the lower limit for
7. In the experiment diffusion in the gas phase probably also plays a role. Furthermore
the partial pressure of Cig solvated in the PDMS stamp is most probably smaller than
the assumed vapor pressure for the pure octadecanethiol. Also the sticking probability
is smaller than 1. Therefore 7 will be larger than the lower limit of 17 s, which makes

the value of about 200 s for the discussed experiment reasonable.

4.7.2 Patterns of mercaptohexadecanoic acid on Au (uCP)

While octadecanethiol SAMs make a surface hydrophobic due to the terminal methyl
group, mercaptohexadecanoic acid SAMs result in a hydrophilic surface. Before combin-
ing both thiols to form a chemically micro-structured surface we investigate the proper-

ties of microcontact printed mercaptohexadecanoic acid SAMs by SFG microscopy and

Zyvapor pressure of octadecanethiol from [74], nises calculated for a (\/5 X \/§R30°) structure

1.50
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Figure 4.13: (left) Vibrationally resonant SFM image at wyr = 2930 cm™!) of a microcontact
printed pattern of C15-COOH (acquisition time = 40 min, average intensity 30 photons /pixel).
(right) The cross section taken within the white box yields a contrast of about 15%. The slow

change of intensity is due to the inhomogenous illumination of the sample.
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Figure 4.14: Locally resolved spectra of the printed mercaptohexadecanoic acid pattern: In
the inner 3 pum of the 10 um wide lines (top) and in the area between the pattern (bottom,
offset by -0.25 units). The pattern is represented by the grey lines in the schematic on the right
hand side. The regions, which were evaluated for the respective local spectra, are indicated

by the black regions.

spectroscopy.

Fig. 4.13 shows the SFM image of a microcontact printed C;;COOH-SAM on Au at
wrr = 2930 cm ™!, i.e at the antisymmetric methylene stretching vibration (see spectrum
in Fig. 4.4). Preparation parameters were an ink concentration of 1.3 mM, 60 s inking
time, and 120 s contact time. The pattern is the same as in Fig. 4.9.

The cross section in Fig. 4.13 yields a contrast of (15 £ 2)%. For the non-resonant
image at wrp = 2980 cm™! the contrast is (7 4 2)%. The difference of 7% for )2453)
between lines and interspace indicates that thiols are also adsorbed between the lines
similar as in the case of Cyg. This is still true if the adsorbate density of a full monolayer
of C;5COOH is 20% smaller than for Cyg [81].

This is confirmed by taking images at each point of a spectrum and extracting locally
resolved spectra. The upper spectrum in Fig. 4.14 corresponds to a 3 pum wide stripe

in the printed pattern. The spectrum corresponds to that of the solution-assembled
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Figure 4.15: Quotient spectrum of the C15COOH SAM obtained from the two spectra in Fig.
4.14. Tt can be seen that the noise level is reduced very efficiently by dividing the spectrum of

the printed lines by the spectrum of the interspaces.

SAM. The vibrational resonances, however, show only about half the intensity of the
ones of the solution self-assembled SAM. Due to the finite optical resolution of the
SFM (see section 3.2.3 ), the spectrum for a given pixel in the image will include some
crosstalk of the spectra of the surrounding pixels. However, we confirmed by numerical
convolution with an Airy function corresponding to the spatial resolution of the SFM
that the 3 um wide evaluated areas (Fig. 4.14, top right) exhibit a signal contribution
of less than 1% from outside the 10 pym wide lines. The lower peak intensity thus
indicates a lower density of adsorbed molecules or a difference in order compared to the
solution-assembled C;5;COOH-SAM.

The spectrum of the region between the printed pattern (Fig. 4.14 bottom) exhibits

also a methylene signature.

”On-substrate” calibration

The possibility to compare the spectra of different regions within the field of view can
be used to enhance the sensitivity in SFG spectroscopy. The SNR in SFG spectra can

be reduced by several effects: One source of noise are fluctuations in the laser pulse
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energy and beam shape. A long time drift in the IR output energy can induce a slope in
the spectra. Absorption lines in the medium above the sample may induce systematic
artifacts, especially if one measures in the range of water vibrations. These influences

are reduced efficiently by ”on-substrate” calibration in sum-frequency microscopy:

Fig. 4.15 shows the ratio of the upper spectrum and the lower spectrum in Fig. 4.14.
Fluctuations of the laser intensity (as seen in Fig. 4.14) cancel very efficiently by this
method. The slope in the non-resonant signal signal vanishes. The noise level of the
spectrum is reduced by a factor of 2-3 in comparison to the local spectra. If the noise
was uncorrelated it should increase by a factor of V2 due to the division of the spectra.

We employed this ”on-substrate” normalization to search for a signature of the vi-
bration of the COOH group in the region from 2400 cm™! to 3720 cm™! in order to
use this signature for discrimination of C;5COOH and Cig thiolates. The noise level
was 3% of the background or lower. However, no resonance could be found. Possible
explanations for the absence of a resonance of the carboxyl-group in the SFG spectra

were already discussed in section 4.4.2.

4.7.3 Printed lines of C;3 — post-adsorption of C;-COOH from

solution

From the application point of view it is desirable to pattern a surface not only with a
single functionality, but rather to define distinct areas with differing chemical activity on
the same substrate. This is achieved by combining microcontact printing and assembly
from solution. The results of this and the following section give new insight into the
exchange and reorientation of thiolate SAMs during the filling up of microcontact printed

SAMs with a different thiol species from solution.

Thiolate SAMs patterned with hydrophilic and hydrophobic functionalities were pre-
pared by first micro-contact printing octadecanethiolate (ink concentration 1 mM, inking
60 s, contact 120 s) then immediately immersing the sample in a solution of mercapto-
hexadecanoic acid (1 mM) for 15 min. Measurements for a printed monolayer of Cig
and a solution-assembled monolayer of C15-COOH (sections 4.5 and 4.4.2) are used as
reference for this SAM with an inscribed chemical pattern. Both spectra are displayed
in Fig. 4.16.

Images of the SAM with the chemical pattern were taken at three IR frequencies (Fig.

4.17a-c). 2860 cm™! and 2880 cm™! were chosen to provide the chemical selectivity to
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Figure 4.16: SFG spectra of homogeneous thiolate layers: (a) octadecanethiolate monolayer
micro-contact printed with a flat PDMS stamp and (b) mercaptohexadecanoic acid monolayer
adsorbed from solution. The IR frequencies of the three measurements in Fig. 4.17 are marked

and color-coded.

the two thiolates because for these frequencies there is no overlap between their spectra
(Fig. 4.16). The image at 2835 cm™! provides contrast specific to the SFG signal from

the Au surface and monitors the density of Au-thiol bonds (see section 4.6).

Fig. 4.17 (d-f) shows the pattern evaluated using eqs. 2.38 and 2.39. In order to
allow the direct comparison of )Zgl with the peak height in the normalized spectra in
Fig. 4.16, I,,.(0) is replaced by the average of I,.(0) in the images; this constant is
about 30% smaller than I,,.(0).

The contrast in Fig. 4.17d is small indicating a small difference in thiolate coverage; if
the two phases had identical densities of sulfur-Au bonds, this contrast would completely
vanish. What is surprising is that the contrast observed in Fig. 4.17e,f is also small

and significantly smaller than expected from the spectra of the pure phases (Fig. 4.16).
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Figure 4.17: (a-c) Original SFG images (acquisition time=135 min) at the three IR frequen-
cies corresponding to the lines in Fig. 4.16: (a) non-resonant, (b) at the symmetric methyl
stretch, (c) at the symmetric methylene stretch. (d-f) Processed data, using eq. 2.38 and
eq. 2.39: (d) "sulfur-image”, (e) "methylene-image”, (f) ”methyl-image”. (g-i) Cross sections
through the stripe pattern in (d-f) with the intensity integrated parallel to the stripe direction
(arrow in (d)). The contrast is discussed in the text and the color code corresponds to Fig.
4.16
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Chemical contrast line/interspace:

Cis (uCP,120 s), C15COOH (solution)

)252) sample (immersion times)
sample 1 (15 min) | sample 2 (20 min)

T 0.07 0.08

W, -0.09 -0.05

X 0.08 0.07

Table 4.5: Chemical contrast between printed lines and interspace evaluated with egs. 2.39
and 2.38.

Coverage difference line/interspace (% of the respective monolayer)
Cis (uCP,120 s), C15COOH (solution)

sample (immersion times)

1 (15 min) | 2 (20 min) 3 (15 min)
adsorbate 21% 24% 24
C15COOH -43% -24% -23%, loc. spec
Cis 27% 24% 23%, loc. spec.

Table 4.6: Coverage difference between printed line and interspace in percent of a full mono-
layer of the respective thiolate (Fig. 4.16). The values denoted by loc. spec. for sample 3 are
derived from the fit of local spectra for the printed lines and the interspace respectively (see

text).

As a result the contrast is only slightly larger than the dominating photon noise in
the images (accumulated SFG intensity ~ 30 photons/um?). The low contrast is a
property of the monolayer and not due to the imaging because the large acceptance angle
of the microscope (see chapter 3) collects even high diffraction orders of the pattern.
Numerical contrast values are obtained from cross sections perpendicular to the stripes
of the printed pattern in Fig. 4.17g-i. They are listed in table 4.5 for sample 1. For
each point of the cross section the intensity is integrated parallel to the direction of the
stripes (arrow direction in Fig. 4.17f). The vertical stripes in the pattern are neglected
(as in section 4.7.1) because they represent less than 5% of the evaluated region. Fig.
4.17h,i demonstrate that the contrast is inverted when the IR beam is tuned from a
resonance of one thiolate to the resonance of the other.

)Z;L(E) is a measure of the adsorbate density. The edge of a macroscopic printed Cig

monolayer exhibits a non-resonant contrast of ~ 33% (subsection 4.6). Taking this
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value for calibration we obtain the result that the post-adsorbed regions have a total
thiolate coverage, which is 21(45)% of a monolayer lower than the printed regions. This
difference may be explained by a less compact structure, in which C;;COOH thiolates
arrange in agreement with the observation of substantial deviations from the all-trans
configuration of the alkane backbone, which we concluded from the SFG spectrum (see
section 4.4.2). The vibrational contrast can be calibrated with the spectra of the pure
phases (Fig. 4.16). )Z/T(i) (©) is proportional to coverage when no substantial reorientation
of the molecules occurs. From the contrast we obtain coverage differences between the
post-adsorbed and printed regions of -27(+4)% of a complete Cg layer and +43(£5)%
of a C15COOH layer. The latter value takes into account that a small positive peak in

the Cig spectrum (see Fig. 4.16a) enhances the contrast at 2835 cm™!.

Contrasts of
-100% and +100% would be expected if the stripes consisted of the pure phases. The
evaluation thus reveals that such a perfect separation is not compatible with observation.
The fact that the highest )Zq(n?q values in Fig. 4.17h and Fig. 4.17i both do not attain zero
but have significant negative values suggests that the SAMs consists of mixed phases of

the molecular species.

These results are typically observed for samples prepared with ~ 15 min immersion
time (see sample 1 and sample 2 in table 4.5). The according coverage differences for

samples 1 and 2 are listed in table 4.6.

The relative SF'G intensities in the printed and the post-adsorbed regions indicate the
mixing of phases of the two different thiolates. Absolute quantification of the adsorbed
species would require that in the SFM image there is also a region of clean Au. The
preparation method of contact printing and assembly from solution, however, covers all
regions of the gold with the thiolate. Therefore we took advantage of the potential,
which SFM offers, and applied SFG microscopy to extract local spectra.

Sample 3 was prepared by first microcontact printing octadecanethiolate (concen-
tration 1.3 mM, inking 60 s, contact 120 s) then immediately immersing the sample in a
solution of mercaptohexadecanoic acid (1 mM) for 15 min. The non-resonant contrast
between the pattern and the Au region is about 8%, i.e. the adsorbate density is com-
parable to the sample in Fig. 4.17, although the ink concentration of Cig was slightly
higher. The points in Fig. 4.18a and b show the normalized spectrum speciines(wrr)
belonging to the inner 5 ym of the printed lines. The local spectrum specinterspace(Wrr)
in the interspace was also extracted. This time the vertical bars of the pattern (Fig.4.9)

were excluded.

The local spectra spec;(wrgr) (i=lines, interspace)) are fitted by the following func-
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Figure 4.18: Local spectra of the printed lines and the interspace for a microcontact printed
Cis pattern with post-adsorbed C;5COOH from solution: (points) data/slope (see text), (A)

fit, (B)aciscoon % specciscoomn, (C) acis x speccig, (D) fit-data

tion:
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The normalization of the data with a slope represented by the denominator in the center
allows the fit with the vibrational signatures on the right-hand side. The initial 1 on
the right-hand side accounts for the non-resonant Au SFG signal. The second term is
the spectral contribution of the methyl group in the reference spectrum of a printed Cig
monolayer (Fig. 4.16a), i.e the 1 corresponding to the non-resonant Au signal in that
spectrum is subtracted. The third term represents the contribution of the methylene
groups in a self assembled C15-COOH monolayer from solution (Fig. 4.16b). Fitting
parameters are the slope m, the offset of the non-resonant signal b and the weighting
factors ac1s and aciscoon.

The solid line (A) (Fig. 4.18a+b) is the result of the fits by nonlinear regression.

The obtained weighting factors are given in table 4.7. The individual spectra scaled
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Weighting factors:
Cis (uCP,120 s), C15COOH (solution)

printed lines | interspace

ac15COOH 0.51 0.74
acis 0.31 0.08

Table 4.7: Weighting factors spectra in the fit to the local spectra in Fig. 4.18.

with these weights have been displayed in (Fig. 4.18a+Db) as traces (B) and (C). Curve
(D) shows the difference between the fit and the data in (A). No indication of additional
peaks is observed in (D), i.e. the local spectra are within the experimental uncertainty
a linear superposition of the two reference spectra.

The differences in the weighting factors for one species between lines and interspace
correspond to the coverage difference in units of a full monolayer of the respective
thiolate. The values are listed in Tab. 4.6 for sample 3.

The results of local SFG spectroscopy in Fig. 4.18 confirm the results obtained
from the SFM images. Mixing of thiolates occurs in the printed lines as well as in the
interspace. The findings will be discussed in more detail in section 4.7.5. Before that

the results for the inverse preparation path are presented in the following section.

4.7.4 Printed lines of C{;-COOH — C;3 from solution

In section 4.4 it was shown that SAMs of carboxyl-terminated thiols differ from alka-
nethiolate SAMs with respect to order and gauche defects. Therefore the stabilization
due to the van-der-Waals interaction between the methylene groups is presumably re-
duced. On the other hand the mercaptohexadecanoic acid thiolate monolayer is stabi-
lized by lateral hydrogen bonding [80,81,83]. Therefore it is of interest investigate, if
the order of preparation influences the result, i.e. the chemical micro-structure. In this
section the results of the reversed preparation process to the one in section 4.7.3 are

presented.

Fig. 4.19 shows the measurements of a microcontact printed C;5COOH-SAM (con-
centration 1 mM, 60 s inking, 120 s contact), which was immersed into a 1.3 mM solution
of Cyig for 15 min. The SFM images were taken at the corresponding IR frequencies as
for the sample in section 4.7.3, i.e. at wrr = 2830 cm™!, 2860 cm™!, and 2880 cm™!
(Fig. 4.19a-c). The evaluation of the maps corresponding to the sulfur density as well

as to the methylene and methyl groups (Fig. 4.19d-f) and the calculation of the cross
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Figure 4.19: (a-c) Original SFG images (acquisition time=150 min) at the three IR frequen-
cies corresponding to the lines in Fig. 4.16: (a) non-resonant, (b) at the symmetric methyl
stretch, (c) at the symmetric methylene stretch. (d-f) Processed data, using eq. 2.38 and
eq. 2.39: (d) "sulfur-image”, (e) "methylene-image”, (f) ”methyl-image”. (g-i) Cross sections
through the stripe pattern in (d-f) with the intensity integrated parallel to the stripe direction
(arrow in (d)). (The contrast is discussed in the text and the color code corresponds to Fig.
4.16)
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Chemical contrast line/interspace:

C15COOH (uCP,120 s), Cyg(solution)

)252) sample (immersion times)
sample 4 (15 min) | sample 5 (15 min)

s 0.12 0.15

X, -0.06 -0.11

X 0.08 0.08

Table 4.8: Chemical contrast between printed lines and interspace evaluated with Eqs. 2.39
and 2.38.

Coverage difference line/interspace: (% of the respective monolayer)
C15COOH (uCP,120 s), Cig (solution, 15 min)

sample
sample 4 sample 5
method SFM | loc. spec. SFM
adsorbate | 36% - 45%
C15COOH | -30% -25% -55%
Cis 32% 24% 30%

Table 4.9: Coverage difference between printed line and interspace in percent of a full mono-
layer (Fig. 4.16). The values in the column denoted by loc. spec. for sample 4 are derived

from the fit of local spectra for the printed lines and the interspace respectively (see text).

sections (Fig. 4.19g-i) followed the same procedure as in the preceding section.

Table 4.8 lists the contrasts deduced from Fig. 4.19g-i (sample 4) and of another
sample (sample 5). Comparing the first and the third column shows that the relations
between the different contrasts are similar. Both samples show a significantly higher non-
resonant contrast than the samples in section 4.7.3. The deduced coverage differences
in respect to a full monolayer are given in Tab. 4.9. The result indicates a mixing of
thiolates.

In order to learn more about the composition of the post-adsorbed SAM and to
check the consistency of SFM results and local spectroscopy results, spectra (Fig. 4.20)
were taken on the sample 4 (Fig. 4.19) and extracted separately for the lines and
the interspaces. Both spectra were fitted as described in section 4.7.3. The obtained
weighting factors are listed in Tab. 4.10. The coverage difference deduced from the

weighting factors are given in the central column of Tab. 4.9. They agree within the
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Figure 4.20: Local spectra of the printed lines and the interspace for a microcontact printed

C15COOH pattern with post-adsorbed Cig from solution: (points) data/slope (see text), (A)
fit, (B) aciscoon x specciscoon, (C) acis x speccis, (D) fit-data
Weighting factors:

C15COOH (uCP,120 s), Cys (solution)
printed lines | interspace

ac15CO0H 0.56 0.31
acis 0.16 0.40 ]

Table 4.10: Weighting factors of the spectra in the fit to the local spectra in Fig. 4.20.

experimental error (£4% for each value) with the result obtained from the SFM images
(Fig. 4.19). Thus the consistency of both evaluations is confirmed. The local spectra

prove that a mixing of phases occurres for the lines and the interspaces.
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4.7.5 Printed lines — post-adsorption from solution

The patterns produced by microcontact printing and subsequent post-adsorption have
a lower chemical contrast than expected from the spectra of separated thiolate phases
(Fig. 4.16). The local spectra demonstrate substantial intermixing, which is discussed

in this section.

In section 4.7.1 it was shown that thiol transport through the gas phase leads to
a substantial coverage of thiolate also in the interspaces. The reduced contrast for a
printed pattern of Cjg (contact time 120 s, Tab. 4.3) indicates a coverage of about
2/3 ML in the interspace. The question, if this sub-monolayer is only filled up dur-
ing post-adsorption with C;5COOH must be answered with no because the vibrational
contribution in the local spectrum of the interspace (Fig. 4.18b) corresponds to a Cig
contribution of 0.08 ML only. The description of the post-adsorption process thus must

include the exchange of thiol species.

Starting with the non-resonant contrast ;z;ﬁf) (Fig. 4.17d and Fig. 4.19d), both
thiolate sequences in the process of printing and post-adsorption yield a higher total
thiolate coverage (i.e. lower SFG intensity at a non-resonant IR-wavelength) for the area,
which shows a predominant C;g coverage. These are the lines in the case of printed Cig
and the interspace in the case of post-adsorbed C;5. The higher adsorbate density can be
understood by the densely packed (\/§ X \/3) R30° structure of alkanethiolates, which
are known to form SAMs with a superior order than carboxyl-terminated SAMs [80].
Our results show a similar behavior as the observation by Kakiuchi et al. [81] who

concluded from their voltammetry experiments a ~ 20% lower adsorbate density for
C11COOH when compared to Cyg.

Phases of well ordered C;g monolayers can be identified unambiguously by the methyl
vibration, which is not present in a C15COOH thiolate phase. As the carboxyl group of
the mercaptohexadecanoic acid thiolate is not SFG active we have to use the methylene
vibrations as a label for phases of this thiolate. Thin phases of alkanethiolates may
also exhibit methylene resonances due to the presence of gauche defects. However, the
spectrum for a mercaptohexadecanoic acid SAM differs from that of a sub-monolayer
alkanethiolate in position and width of the peaks. The C5;COOH spectrum exhibits two
distinct peaks at 2860 cm™! and 2930 cm™!, while the alkanethiolate monolayer shows
a broad signature with a dominating antisymmetric stretching methylene vibration at

2916 cm ™! [37]. The peaks in a C;5COOH spectrum are similar to those of an amino-
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amido-thiolate [38]. The peak positions are even identical. This strongly suggests that
the methylene spectrum (Fig. 4.4) is indicative of a thiolate with strong molecule to
molecule interaction by hydrogen bonding. Therefore we can assume that this C;;COOH
spectrum, which is used for fitting the local spectroscopy data of the post-adsorbed
samples in the sections 4.7.3 and 4.7.4, is specific to the C;;COOH phase. For the
following discussion we assume that no substantial reorientation of the chemical groups
happens during the post-adsorption because the exchange process of thiolates happens
domain-wise [81,97]. Under these two assumptions the weighting factors obtained by
the nonlinear fits represent the coverage in percent of a full monolayer of the respective
thiolate.

For the printed C15COOH pattern post-adsorbed with Cig (Fig. 4.20a) the weighting
factor ac1scoom = 0.56 corresponds to a coverage of C;5COOH of about one half of a
solution assembled monolayer. This is in accordance with the results of section 4.7.2,
where the vibrational peaks of a printed Ci;5;COOH have half the size of the SAM
assembled from solution, indicating a different kinetic behavior of SAM assembly when

Lin the local spectrum (Fig.

compared to Cig. The methyl peak at wrp = 2880 cm™
4.20a) and the value of ac1g = 0.16 (Tab. 4.8) shows that Cig fills up parts of the

printed C;5COOH lines.

Substantial amounts of both thiolate species are detected by local SFG spectroscopy
in the interspace of the same sample (Fig. 4.20b). We did not quantify the absolute
amount of mercaptohexadecanoic acid, which was transferred to the interspace by the
vapor phase (section 4.7.2), but the observed 1/3 of a full C;5COOH layer, demonstrates
that a large amount of it is not exchanged during the post-adsorption of Cyg. Accordingly

only 0.4 ML of Cyg is adsorbed from solution.

The findings for the inverse preparation sequence — i.e. printed Cig, post-adsorbed
C15COOH — are not equivalent. The octadecanethiol in the printed Cig lines is ex-
changed by C;5COOH to such an extent, that mercaptohexadecanoic acid becomes
the majority species (Fig. 4.18a and Tab. 4.7). The same result was obtained for the
edge of a octadecanethiolate SAM printed with an unstructured PDMS stamp. These
findings show, that a Cy5 thiolate with a carboxyl group as terminal group can exchange
with Cig, which has a longer methylene backbone. Nuzzo et al. estimate a minimum
enthalpy gain of 0.8 kcal/mol for each additional methylene group in an alkanethio-
late [47]. Thus the enthalpy gain by the interaction between carboxyl groups should be
at least 2.4 kcal/mol. Cooper et al. observed for photolithographically patterned SAMs



88 CHAPTER 4. CHEMICAL IMAGING

the replacement of alkanethiolates by carboxyl-terminated thiols, which had 9 methy-
lene groups less [83] on a similar timescale as in our experiments. The fast replacement
is due to defects in the SAM, which definitely occur at the edges of the pattern and also
in the pattern as the local spectra show. In contrary, homogeneous SAMs as prepared
from solution exchange on a slower time scale of ~ 100 h [81].

The approximately 2/3 ML of Cig deposited in the interspace during the printing
process by vapor transport (see section 4.7.1) are replaced almost completely during the
post-adsorption by mercaptohexadecanoic acid (Fig. 4.18b and Tab. 4.7). Thus the sub-
monolayer phase of Cyg is very susceptible to exchange with C;;COOH. A similar result
was obtained for the flat lying phase of a short alkanethiol (C,) [83]. The remaining rest
of about 1/10 ML (Tab. 4.7) might be attributed to Cyg at defects, which is assumed

to be more resistant against exchange [84].

The comparison of both samples shows that, in contrast to the low-coverage phase
of Cig, a substantial fraction of the low-coverage phase of C;5;COOH in the interspace
resists the exchange for the opposite preparation sequence (Fig. 4.20b, Trace(B)).
This suggests an asymmetry in the exchange process. The same asymmetry of the
exchange rates with respect to the preparation sequence is observed for the printed
lines. C15COOH replaces printed Cig to a large extent(Fig. 4.18a). Cyg only fills up an
incomplete layer of printed C;5COOH or replaces it only to a small extent (Fig. 4.20a).

This asymmetry in the replacement is mainly a property of the thiolate combination
and to a smaller extent of its surface density, as we observe it in dense phases (printed
lines) and thin phases (interspaces). This extends the result presented by Kakiuchi et
al. [81] for solution-assembled SAMs. The authors measured the exchange process of
SAMs of one species in an ethanolic solution of the other species by voltammetry and
STM. They used the thiolate combination of Cy4 and C15COOH. For these homogeneous

SAMs assembled from solution also an asymmetry in the exchange rates was observed.

The sum of the weighting coefficients (Tabs. 4.10 and 4.7) is smaller than 1 and may
indicate a spectroscopically invisible phase. This could possibly be C;g with a horizontal
orientation of the methyl group [12], or C;;COOH, which is not hydrogen bonded. This
is also supported by the sulphur contrast in Fig. 4.19d and Fig. 4.17d, which suggests
that the coverage is not as homogeneous as it appears by the sum of the weighting

factors.
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In conclusion, we have seen the following processes to occur for thiolates at the Au
surface: Transport through the gas phase causes a non-negligible coverage of thiolates
also between the microcontact printed patterns. We observed the filling up of incomplete
monolayers and the exchange of thiolates during post-adsorption. The exchange is more
efficient for the replacement of Cig3 by Ci;5COOH than for the inverse case. These

processes explain the experimentally observed mixing of thiolates on Au surfaces.
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Chapter 5

SFG spectroscopy on the interface
PDMS(Clg) / air

Microcontact printing of self-assembled monolayers on gold is a straight-forward and
economical method to produce chemical micropatterns on different surfaces. In the
preceding chapter, as in the literature, the printing process is investigated mainly
through the order, density, and structure of the printed SAM. A still open question
is, whether an already existing orientational order of the thiol molecules on the PDMS
stamp contributes to the fast assembly of well ordered SAMs on the timescale of 3 s
to 1 min [74,89,90,98]. Addressing this question, we applied sum-frequency generation
spectroscopy to the PDMS/air interface with and without C;g molecules (section 5.2),
because the method is extremely sensitive to the order of chemical groups and thus

molecules with preferential orientation.

The interface of PDMS has a low surface free energy (ca. 21.6 x 1072 Jm™2), which
is reflected in its hydrophobicity. Exposure of PDMS to an oxygen plasma increases
the surface free energy and thus the wettability. It is widely accepted that the effect of
oxygen plasma on silicone rubbers is to create an increased average number of oxygen
atoms bonded to silicon. This makes the surface silica-like [99,100]. Also the formation
of silanol (Si-O-H) groups contributes to the increased surface free energy ( [99]', [101]).

The parameters of plasma etching allow to tune the hydrophilic character of PDMS
and thus the interaction with different materials [41]%. Tan et al. have shown recently the
important role of the wettability of the stamp in microcontact printing of proteins [102].

Furthermore, wettability of PDMS is of importance in a wide variety of fields: It can

Land references therein
2and references therein
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be used to tailor the properties of microfluidic systems made from PDMS [103]. Water
repellency, light weight combined with mechanical robustness, and its hydrophobic re-
covery after electrical discharges make silicone rubbers also a widely used material for
outdoor electrical insulation [104].

PDMS returns to the hydrophobic state after it has been made hydrophilic. This
is called hydrophobic recovery. While for electrical insulators this is desired, for other
applications mentioned before and for microcontact printing this might be an un-wanted
effect. Hydrophobic recovery of PDMS after plasma treatment or electrical discharges
has been studied with contact angle measurements, XPS, FTIR-ATR, AFM, SEM and
optical microscopy. One mechanism for the hydrophobic recovery discussed in the lit-
erature is the diffusion of low molecular weight components (fluids) of PDMS to the
surface [100,105,106]. These fragments are residues from the polymerization and / or
modification process. Re-orientation of the silanol groups from the surface into the bulk
and the condensation of silanol groups with consequent cross-linking presumably also
contribute to the recovery [99]. Also the re-orientation of non-polar groups from the bulk
to the surface was proposed. The re-orientation of the nonpolar groups has not been
measured directly but rather proposed indirectly from XPS data [101]. The FTIR-ATR
data in [99] do see a plasma induced change in peak intensities for methyl and hydroxyl
groups. However no change of intensity is observed during the recovery. Apparently the
method is not sensitive enough, as it probes the upper 0.5 um of the PDMS. The SFG
results in section 5.3 represent to our best knowledge the first SFG measurements of the
hydrophobic recovery in a polymer. They show, that methyl groups at the outermost

surface contribute to the hydrophobic recovery.

5.1 Experimental

The preparation of the PDMS stamps from SYLGARD 184 (supplier Dow Corning) has
been described in section 4.3. The structure of the single unit in the polymer is given
in Fig. 5.1 on the right.

As PDMS exhibits no non-resonant susceptibility Xq(f,«) the total SFG intensity of
PDMS is given by expression (2.34). Thus an SFG signal is obtained only in vibrational
resonances. The intensity is substantially lower than for the Au-substrate and does not
allow a direct beam alignment on the polymer. The superposition of the visible and
the IR beam is therefore done in the following way: A Au surface is placed in the focus
of the SFM and the SFG intensity is maximized. At the same time also a possibly

homogeneous illumination of the field of view can be realized. Then the PDMS stamp
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PDMS

Figure 5.1: (left) Image of PDMS stamp taken in reflection with 450 nm light. The pattern
allows to focus on the stamp surface, which is used to establish the overlap of the laser pulses

on the stamp (see text). (right) Structure of the PDMS polymer.

is imaged with 450 nm light. The visibility of the pattern allows to focus the stamp
(Fig. 5.1), which then is at exactly the same position as the gold sample before. Thus
the laser pulses overlap on the stamp within the field of view.

PDMS samples for the study of hydrophobic recovery (section 5.3) were exposed
for 15 s to oxygen plasma in a microwave frequency reactor (2.45 GHz, manufacturer
Technics Plasma GmbH, Germany). The treatment was performed at maximum power
(nominally ~ 190 W), at an oxygen pressure of about 1 mbar. The stamp was then
stored under air in a closed box. The relative humidity was between 20% and 30% at
23°C.

Contact angles of water droplets were determined by the sessile drop method with a
G10 contact angle measuring instrument (manufacturer Kriiss, Germany). MilliQ water
(resistance > 18 M(2) was used. Each measurement is obtained as an average over 12
or more individual water contact angle measurements at at least 6 different positions

on the stamp.

5.2 Order on PDMS — Thiol orientation on PDMS

stamps

SFG spectroscopy is known to be surface sensitive for centrosymmetric materials (section
2.2.2). This also holds for polymers, in which the random distribution results in inversion
symmetry. Wei et al. showed explicitly for the C-H wavelength range that there is no
bulk contribution for SFG in reflection from polymers [107]. Therefore the SFG spectra
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Figure 5.2: SFG spectra for different polarization combinations indicated by the letters in
the order SFG, vis, IR. The IR beam was always p-polarized. The baseline is due to a constant
offset of the CCD read-out electronics and a background due to diffuse scattering of the visible
beam. We checked that the SFG light has a very low non-resonant intensity by blocking the
IR beam.

of PDMS monitor the order in the surface layer. In the first part of this section the
characterization of the pure PDMS /air interface by SFG spectroscopy is presented. The

second part contains the results for a stamp inked with thiol solution.

5.2.1 SFG spectroscopy on pure PDMS

Fig. 5.2 shows the SFG spectra of PDMS with different polarization combinations of the
SFG beam and the visible beam. The polarization of the SFG radiation was selected
by placing a linear polarizer in front of the microscope. The IR beam is always p-
polarized. For spp and psp polarization no vibrational feature is observed (Fig. 5.2b+c)
because these combinations do not belong to the four combinations, which can give rise
to a signal from an isotropic interface (see Tab. 2.1). The vibration at 2909 + 3 cm™!
measured for ssp (Fig. 5.2d) can be attributed to the symmetric C-H stretch of Si-CHjg,

while the antisymmetric C-H stretch is observed in ppp polarization at 2962 + 3 cm ™!

(Fig. 5.2a) [108]®. The combination ssp probes the tensor element Xg(fy)z (Tab. 2.1). The
observation of a strong symmetric methyl vibration and the fact that the antisymmetric
one is hardly observed for the ssp combination indicate an orientation of the methyl
group more or less perpendicular to the surface. The strength of the resonance shows
also an order with respect to the preferential orientation of the methyl group either

pointing from the surface or into the surface. At first sight the dominating antisymmetric

3and references therein
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Figure 5.3: SFG spectra of spin-coated PDMS. They resemble the ones obtained on stamps.
Thus the surface in respect to the methyl group is about the same for both preparation

methods.

vibration for ppp seems to be surprising, as the IR beam is still p-polarized. However, the
ppp polarization combination probes all four independent tensor elements (Tab. 2.1).
The respective nonlinear Fresnel coefficients obviously lead to a dominating contribution
of Xé?z)y This tensor element represents an IR dipole moment oriented parallel to the
surface (as indicated by the third index y). For a methyl group oriented perpendicular to
the surface this is just the antisymmetric stretching vibration. In fact, this corresponds
to the results of Zhang et al [108], who observed the antisymmetric stretching vibration
on thin PDMS films for sps (see Tab. 2.1). As there is only one polarization of the SFG
beam for a given visible input polarization, we did in the following not use a polarization
analyzer for the SFG light.

Most SFG studies on polymers were done on thin films, prepared by spin-coating or
solvent casting. They are exposed to air during the curing procedure. In contrast the
surface of stamps used for microcontact printing in the studies here is in contact with
polystyrene or silicon during polymerization (see section 4.3). In order to cross check,
whether the results can be compared, we did also SFG spectroscopy on spin-coated
PDMS on quartz. These spectra with better statistics than in Fig. 5.2 are shown in
Fig. 5.3. The peak positions, are identical with the ones obtained for PDMS stamps
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within experimental error and the vibrations are observed for the same polarization
combinations. Also the asymmetric shape is found for both types of PDMS samples.
Thus the orientation of the methyl group at the surface is similar for casted PDMS films

and thick PDMS stamps.

5.2.2 SFG spectroscopy on inked PDMS(Cjs)

3 ] ] 3 ] ] ]
| v(S-H)
e | e Vis=p
wn w2
= = IR=p
= | | 2.0 | .
‘g % 3 bound thiol
N—’ N—" >
é @ g l " .
é L . g L . = .
R= .8
(D (D free thiol
2 Z ]
Ll . M ol 1 L 2600 2580 2560 2540 2520 2500
2400 2500 2600 2700 2600 2700 2800 =
-1 -1 Wavenumber (cm’ ')
IR energy (cm ) IR energy (cm)
(a) SFG (b) SFG (¢) Raman

Figure 5.4: SFG spectra of PDMS inked with octadecanethiol (C;g). The dashed line marks
the IR frequency of the S-H stretching vibration for the free dodecanethiol (Ci2). The spectra

have been offset for clarity. (¢) Raman spectrum of free Cj2 (solid line), from [109].

The SFG spectra of pure PDMS demonstrate that there is a preferential orientation
of the methyl groups. Therefore the thiols deposited during inking on the PDMS surface
might exhibit also a preferential orientation. Such an order could also be induced by the
interaction of the unpolar CH3 group with the unpolar PDMS surface or by a repulsive
interaction of the polar S-H group with the PDMS. We expected that, if such an order
exist, this should give rise to a resonant SFG signal. As PDMS does not contain S-H
groups, the order of the alkanethiol may be probed with the S-H stretching vibration
at the IR frequency of about 2580 cm™'. The solid line in Fig. 5.4c is the Raman
spectrum of free dodecanethiol (Cjy) [109]. The vibration is well separated from the

C-H frequency range and thus from the peaks of PDMS.

An inked PDMS stamp was prepared by letting a drop of 1.3 mM solution of oc-

tadecanethiol (Cyg) in ethanol dry on the stamp. This procedure was repeated two to
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five times in order to saturate the bulk?. The deposited amount of thiol corresponds to
several hundred monolayers of alkanethiolate on Au. Fig. 5.4a+b show the SFG spectra
for the denoted polarizations of the visible and the IR beam. The spectra cover the IR
energy range from 2450 cm™! to 2810 cm™!. By blocking the IR beam we checked that
the non-resonant SFG intensity is smaller than 0.1 units on the scale. The vertical scale
is the same as in Fig. 5.3. As the pulse energies are about the same for the PDMS
samples with and without Cig, this means that the S-H resonance is not seen in the
spectra at a noise level corresponding to less than 1/4 of the asymmetric methyl peak
of PDMS in Fig. 5.3.

The methyl groups of thiolates in SAMs exhibit three distinct vibrations at
2880 cm™t, 2939 ecm ™!, and 2967 cm™! (see Tab. 4.1). Therefore at least two reso-
nances are clearly separated from the transitions of the methyl in the PDMS. This is
why we also measured for the samples ppp and ssp SFG spectra in the IR frequency
range from 2800 ecm ™! to 3000 cm~!. No difference in the spectra before and after the

inking of C;g was observed.

Discussion

The S-H stretching vibration is IR as well as Raman active [109]. Therefore it should in
principle be observable in SFG spectroscopy. However, we found no observation of the
S-H vibration by SFG in the literature. We will briefly discuss possible reasons, why no
S-H stretching vibration is seen in our experiment:

A first cause can be a too small resonant first order nonlinear susceptibility XES?I){
According to the equations (2.11) and (2.12) the reasons for this could be a small
hyperpolarizability 3 or a low density of thiol molecules N. From the results we cannot
exclude either possibility.

The S-H group should behave similarly to the homologous O-H group. It is assumed,
that for plasma-etched PDMS there is a substantial amount of hydroxyl groups at the
surface [99]. However, we did not observe any SFG signal of the OH group on plasma-
etched PDMS, which might indicate a low SFG cross section (see also the following
section).

Thiols do also diffuse into the stamp (path 1 in Fig. 4.11). It has been shown that
molecules of a 10 mM ink of Cy4 appear after 5 min on the other side of an 1 mm thick

sheet of PDMS [74]. Therefore the thiols may have diffused into the stamp during the

minimal time of 30 min between inking and first SFG measurement. On the other hand

40n other samples we also applied the standard method as used in chapter 4, i.e. we inked the

stamp for 60 s. The results did not differ from the ones by the method of repeated inking and drying.
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the vapor phase transport (section 4.7.1) suggests, that Cig molecules are present at
the surface at least for several minutes after inking. A possible experiment to check if
diffusion into the bulk is the reason that the S-H stretch is not observed, would be the
measurement of PDMS stamps, which have been saturated in a thiol solution.

The methyl group and methylene groups of Cig are not observed either. Apart
from a low surface density another reason for the non measurable SFG signature of the
alkanethiols might be a full orientational disorder of the C;g molecules at the stamp

surface (This holds likely also for the hydroxyl groups mentioned above.).

5.3 Hydrophobic recovery of PDMS after oxygen

plasma treatment

SFG spectroscopy can monitor the presence and order of a specific chemical group of the
PDMS interface during hydrophobic recovery on the molecular scale. To correlate this
with the macroscopic properties of the interface, we did also contact angle measurements,

which give information on the hydrophilicity and thus on the surface free energy.

SFG measurements

The SFG spectra were measured on a PDMS stamp, which was plasma etched for 15 s
at a power of 190 W. A patterned stamp was used, in order to facilitate the overlapping
of the laser pulses (section 5.1). For a typical spectrum 10 runs with 100 shots per
data point were measured. The peak height was determined by taking the maximum
value of a 3 point smoothed curve. Before and after a spectrum is recorded, the SFG
intensity was measured on a gold reference. The average of these two values was used
for calibrating the peak height with a reproducible standard. The measurements on
different days were taken at the same position on the stamp and on the Au substrate
within a precision of better than 1 mm.

Fig. 5.5 shows the development of the SFG intensity in the asymmetric (ppp) and the
symmetric (ssp) methyl stretching vibration during hydrophobic recovery. The intensity
increases for both vibrations showing an increasing density of ordered methyl groups at
the surface. The vibrations are detected already in the first measurement about 1 h
after plasma etching. This is also the case for a plasma etching duration of 5 min,
indicating that the plasma rather leads to a mild oxidation, which does not remove all
methyl groups and which does not destroy their order at the surface completely.

The SFG intensity is quadratic in the density of the probed groups (equations 2.34
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Figure 5.5: SFG peak amplitudes of a oxygen plasma treated sample after the recovery time t
for the symmetric methyl stretching vibration (open triangles) and the asymmetric one (filled

triangles) (logarithmic time scale).

and 2.12). In order to obtain a characteristic time, we fitted the data in Fig. 5.5 with

an exponential recovery function
/) 2
[SFG: (N0+N1 (l—escp t/ )) . (51)

It models an initial fast increase in intensity, which then reaches a saturation value. The
fitting parameters Ny, N; and 7 are given in Tab. 5.1 and the fit is displayed graphically
in Fig. 5.6.

The fit yields for both stretching vibrations a recovery time on the scale of 100 h and
an increase in the adsorbate density of 30% of the initial value. A fit of the data with
No =0 (i.e. under the assumption that the plasma removes all ordered methyl groups)

is far from a satisfying agreement with the data.

fit parameter

polarization Ny Ny 7 (h) MNLONl
PPP 1.644+0.10 | 0.58 £0.11 | 122 + 50 1.35
Ssp 1.394+0.14 | 0.42£0.14 | 105+ 86 1.30

Table 5.1: Fit parameter according to eq. (5.1) for the SFG results on the hydrophobic
recovery of PDMS (data in Fig. 5.5).
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Figure 5.6: SFG peak amplitudes as in Fig. 5.5. The solid lines are the fit with the empirical
function 5.1. (a) ppp polarization. (b) ssp polarization. Note the different time scales for
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Figure 5.7: Definition of the contact angle. « denotes the angle between surface and the
tangent at the liquid phase (1) at the position, where it intersects with the solid (s) and the

vapor (v) phase.

Contact angle measurements

As a control measurement we recorded the hydrophobic recovery of PDMS with the
water in air contact angle «, which is defined as the angle between the surface and the
tangent of the liquid phase at the intersection point of solid (s), liquid(l), and vapor(v)
phase (Fig. 5.7). In equilibrium the contact angle relates the respective surface free

energies Yphasel phase2 through Young’s equation [80, 110]:

Vv COSO = Yy — Vsl (52)

For a hydrophilic surface the interface substrate/water tends to increase resulting in
a small contact angle. If the substrate is hydrophobic, the area of the interface sub-
strate/water decreases corresponding to an increased contact angle.
The inset in Fig. 5.8 shows the contact angle o of an unstructured PDMS stamp
as a function of time after exposure to an oxygen plasma for 15 s at a power of 190 W
(see section 5.1). For t< 1 h we obtained a < 4°, the minimal value measurable in
our contact angle measuring instrument. The contact angle increases from a value
< 4° to over 80° within the time of the experiment (t> 1000 h). It does not reach a
saturation value during this time. It is known from literature that the contact angle
of similarly treated PDMS recovers to a value, which is 80-100% of the value of the
untreated PDMS [99, 100]. For untreated PDMS samples a contact angle of a = 110°
was measured. Therefore the recovery observable by contact angle measurements is not
completed on a timescale of about 1000 h. The hydrophobic recovery on the timescale
of ~ 1000 h is typical for a wide range of plasma parameters [99, 100, 105].
Fig. 5.8 shows the cosine of the contact angle, which — according to (5.2) — depends
linearly on the difference of the surface free energies of the solid phase, i.e. of PDMS. The

solid line is a fit of the data with a first order exponential decay. It yields a decay time
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Figure 5.8: Cosine of the contact angle of a oxygen plasma treated PDMS stamp. An expo-
nential fit (solid line) yields a decay time Tcpso = 323 £65 h. The inset gives the contact angle
for a logarithmic time scale. The hydrophobic recovery does not reach saturation after 1000 h.
The dashed line is the calculated decay for 7 = 105 h, the value, which has been obtained in
the SFG experiment (see also text).

Teosa = 323 £65 h. For comparison the dashed line gives the decay for the characteristic
time 7 = 105 h measured in the SFG experiment. Tab. 5.2 lists the recovery times
obtained by both methods.

Recovery times PDMS
method contact angle SFG

physical property cos () peak amplitude

symmetric stretch | asymmetric stretch

recovery times 323£65h 105+ 86 h 122 4+50 h

Table 5.2: Recovery time of the surface free energy as obtained by contact angle measurement

and recovery time by fitting the peak amplitudes of the methyl resonances (see text).



5.3. HYDROPHOBIC RECOVERY OF PDMS 103

Discussion

The SFG results monitor the increase of the ordered methyl group density at the inter-
face, which contributes to the hydrophobic recovery of PDMS. The average intensity of
the peaks measured by SFG increases in the first 200 h and then stays constant within
the variations of the individual measurements (Fig. 5.6). In contrast to that, cos(a),
which is correlated to the surface free energy by eq. (5.2), decreases in the time between
t=200 h and t=1000 h by more than half of the total observed change (Fig. 5.8). This
suggests, that a slower process is involved in the hydrophobic recovery. The initial faster
decay for the data points (Fig. 5.8) in comparison to the exponential fit hints also in
the direction, that at least two recovery processes are involved. This could explain, why
the recovery times measured by SFG spectroscopy and by contact angle measurements
differ by a factor of about 3 (Tab. 5.2). In the literature no quantitative relation is
given between contact angle and the surface density of molecular groups on PDMS.

A possible candidate for the slow process may be the re-orientation and condensation
of Si-O-H groups, which was proposed as a further mechanism of the hydrophobic re-
covery [99]°. We took spectra in the IR frequency interval from 3000 cm ™" to 3750 cm™!
in order to monitor the SF'G intensity of the hydroxyl group. No signal was found.
In principle, the hydroxyl group is observable by SFG, as shown for water/solid and
water/air interfaces [111,112]. However, these systems exhibit a substantially higher
density of hydroxyl groups than polymers do. We found no example in the literature
for the detection of a hydroxyl group on a polymer by SFG spectroscopy.

By SFG spectroscopy it is possible to separate the contributions of re-orientation of
methyl groups and diffusion of low molar mass PDMS to the hydrophobic recovery. For
re-orientation the ratio of the peak intensities measured by the different polarization
combinations changes [113]. If the signal increases at constant ratio the change can
be attributed to additional groups appearing at the surface. The ratio of the peak
intensities for the ppp and ssp polarization combinations in our measurements shows no
trend during the recovery. Thus we do not see a direct indication of re-orientation. This
may suggest, that diffusion is the dominating process for the increase in the density of

orientated methyl groups.

5and references therein
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Chapter 6

Intense localized emission from
NaCl crystallites

During the SFM measurements sometimes regions on the scale of some micrometers
were observed, which gave a localized intensity several hundred times higher than the
SFG signal on a pure gold sample. These bright spots were at the same position,
where particles on the substrate could be seen in the linear optical image. A higher
SFG intensity is one of the most important issues in sum-frequency microscopy as it
improves the SNR (see chapter 7). We did first experiments on gold with the aim to
generate this effect reproducibly and to investigate, whether it can be possibly used
for doing sum-frequency microcopy at surfaces with measurement times on the order
of 1 min on the um? scale. In comparison acquisition times in chapter 4 were on the
scale of 1 to 2 h. To mimic the dust particles we chose small NaCl crystallites. Ideal
NaCl crystallites exhibit no resonances due to absorption and no bulk sum-frequency
generation as they are transparent for the visible as well as for the IR light and as the

ion lattice is centrosymmetric.

We deposit pestled nutrition grade NaCl on a thiol-covered gold substrate. The size
of the crystallites is 10-100 pm. A fraction of the NaCl crystallites show a strong signal
in the SFM. The SFG intensity was found to depend linearly on the intensity of the
visible laser beam. The signal vanishes if the IR pulses are delayed by 50 ps with respect
to the visible laser pulses. These two facts show, that the signal is not fluorescence but
behaves as expected for sum-frequency generation.

The image of such a crystallite obtained by illumination with 450 nm light is dis-
played in Fig. 6.1c (no SFM image). Fig 6.1a shows the SFM image (w;p = 2922 cm™1)

at the same position. The acquisition time is only 2 min! The brightness scale is chosen

105
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Figure 6.1: Sum-frequency generation by NaCl crystallites: (a) SFG image at 2922 cm ™!
(acquisition time 120 s, the white area corresponds to an SFG intensity higher then the one
obtained on a pure gold substrate). (b) Full scale image of the region indicated by the box in
(a). (c) Same region but different intensity scale. (d) Reflected light image (A = 450 nm) of
the same region as in (a). The white circle marks the position of highest intensity in (b). (e)

Single line cross section corresponding to the black line in (b). Details see text. (White bar =

50 pm)

such that the white area corresponds to SF'G intensity higher than measured on typical
gold samples for the corresponding laser pulse energies. The framed area is displayed in
Fig. 6.1b with a brightness scale that includes the lowest and the highest SFG intensity
value in that region. The highest intensity is located near the edge of the crystallite
as indicated by the white circle in Fig. 6.1d. The spot size, as depicted by the single
line cross section (Fig. 6.1e) at the position of the black line, is at the diffraction limit
of ~ 3 pm. The SFG intensity in this maximum is 200 times higher than for a clean

gold surface. Fig. 6.1c shows the same rectangle as in b at a different brightness scale
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Figure 6.2: Spectral dependence: (a) Spectrum of a region around the intensity maximum
in Fig. 6.1. (b4+c) SFM image for the indicated resonances (acquisition times 7.5 s and 5 s

respectively). (d+e) Local spectra for the regions marked in (b) and (c).

to demonstrate, that there is additional structure within the region of elevated SFG
intensity.

Fig. 6.2a shows the spectrum for the bright region in the right half of Fig. 6.1c.
Each data point in the interval from 2822 cm ™ to 3022 cm ™! is taken by integrating the
SFG intensity over 3 x 2.5 s (150 laser shots), for the remaining wavelengths the average
of 2 x 2.5 s (100 laser shots) was taken. The spectra are normalized to the exposure
time. Several peaks are observed in the spectrum, some of them in the region of the C-H
stretch vibrations. For the selected region the SFG intensity at w;r = 2939 cm™~! is 200

times larger than for a gold surface. For the intensity maximum in the area this factor is
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Figure 6.3: Sum-frequency generation in a NaCl crystallite viewed from two sides: (a) SFM
image (logarithmic false color scale in the image, linear scale in the cross section). (b) Linear
optical image (A = 450 nm) of the same region. (c) Schematics of imaging on thick samples:
Due to oblique imaging a source of intensity can be imaged twice if it is located inside a thick

medium with high index of refraction.

1800. SFM images are displayed for the resonances at 2939 cm™! and at 3212 cm™!(Fig.
6.2b+c). The intensity maxima are separated by about 10 um. The spectra of these
two maxima (dashed box) contain both resonances (Fig. 6.2d+e). The different ratio of

1 is correlated with the

their amplitudes demonstrates that the resonance at 3200 cm™
right intensity maximum in Fig. 6.2c. Similar spectra were obtained even for areas of
1 pm?.

The spectral features on this crystallite are reproducible. It shall be noted, however,
that on other crystallites investigated we see also a strongly enhanced SFG but no

distinct spectral peaks.

In a next step to clarify the origin of the high SFG intensity we used pestled crys-
tallites of chemically pure NaCl. Again a fraction of the crystallites showed strong SFG
intensity. Fig. 6.3a is the SFM image of a typical crystallite, which appears in the linear
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Figure 6.4: SFG intensity for an intensity maximum as a function of time. The inset shows a
false color SFM image of the same sample as in Fig. 6.3 (linear scale)). The box corresponds

to the area, where the SFG was evaluated.

optical image as shown in Fig. 6.3b. The false color SF'G intensity scale is logarithmic
in order to show the intensity distribution in the hot spot and the surrounding area in
the same image. The intensity at the most intense pixel is about 700 times higher than
on a pure gold surface. The intensity in the image shows a halo that extends beyond
the region of the crystallite in the linear image. The double structure with two intensity
maxima is observed for many NaCl crystallites (see also Fig. 6.1c). Due to the oblique
imaging at the angle of 60° the SFM images the top and the side of a thick sample
at the same time. A point in the crystallite can therefore appear at least twice in the
image(Fig. 6.3c). The twin structure in the SFM image is thus most probably due to

the multiple imaging of the same light source.

The intensity for different crystallites behaved differently in time. We observed
bright spots with constant, fluctuating and decaying intensity. The graph in Fig. 6.4
is an example for the last kind. It gives the intensity as a function of time measured
in the area of the intensity maximum (indicated by the white box in the inset) of the
sample in Fig. 6.3.

In a next step NaCl crystallites are grown on a thiol-covered gold substrate by
positioning a drop of aqueous NaCl solution on the sample and letting the solvent
evaporate. This method seems to generate larger and more regular crystallites with
less defects, as indicated by the macroscopic appearance in the image under linear
illumination (Fig. 6.5b and schematics in ¢). Fig. 6.5a shows the false color SFM image

of such a NaCl crystallite (logarithmic brightness scale) at the same sample position.



110 CHAPTER 6. LOCALIZED EMISSION

The intensity maximum in the SFM image is localized on the pum scale and it is near the
edge of the crystallite. However, no halo but rather an irregular intensity distribution
around the maximum is observed. The intensity in the most intense pixel is only 25

times higher than the corresponding SFG intensity for pure gold.

SFG linear image schematic
at A=450 nm
2 T

(b) (c)

Figure 6.5: Sum-frequency generation from a solution grown NaCl crystallite: (a) SFM image
(logarithmic brightness scale). (b) Linear optical image (A = 450 nm) at the same position.

(c) Schematics of the linear image.

Discussion

We can draw conclusions on the observed localized emission of intensity from NaCl
crystallites, although this effect is not yet fully understood.

First, the signal was strongest for the nutrition quality (i.e. chemically highly un-
pure!) NaCl and lowest for the solution grown crystallites, which should be the best in
terms of a low number of defects. This indicates, that defects in the crystallite are likely
to play a role. They cannot be point defects (e.g. F-centers) with inversion symmetry.
The generation of SFG requires e.g. inner surfaces, which break the local inversion
symmetry of the crystal, or extended defects.

Second, also focusing effects of such inner and also outer surfaces can contribute.
Sometimes bright spots are also seen in the linear optics images of the crystallite
(Fig.6.5), indicating such an effect. However the maxima do not precisely coincide
with those in the SFM images.

Third, if one assumes, that the signal (1800 times higher than the corresponding
SFG signal from a gold surface) of the sample in Fig. 6.2b stems from the gold surface,
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this means that the intensity at the surface is more than 40 times higher for the IR or
the visible input (Ispg o Irg Iys). This is definitely above the macroscopic damage
threshold of the gold substrate. The halo observed e.g. in Fig. 6.3a exceeds the region of
the crystallite (Fig. 6.3b). With these measurements the contribution of the Au surface
to the bright spot and to the halo cannot be clarified. Possible experiments to test this,
would be the use of a surface, which generates a negligible amount of sum-frequency
light.

Fourth, local electrical charges in the NaCl could break the symmetry in NaCl and
also contribute to a high local electrical field. This again might increase the nonlinear

optical activity as in electric field induced second harmonic generation (EFISH).

A more detailed study would be necessary to further elucidate the origin of these

microscopic and intense SFG sources.
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Chapter 7
Conclusions and outlook

A novel SFG microscope for in-situ chemical imaging of reflecting, non-transparent
samples was developed, set up and characterized in this thesis. The process of sum-
frequency generation allows to map the chemical composition of interfaces and the order
and molecular orientation of adsorbates at surfaces. In order to maximize the SFG
intensity the sample has to be observed from one side at an angle near 60° with respect
to the surface normal. The setup is designed (a) to keep focus over the full image
field and (b) to compensate for the distortion of the field-of-view, and (c) to transmit
efficiently the SFG light by means of a blazed grating. In contrast to "specular” SFG
spectroscopy, the incident beams reflected from the sample and the generated SFG light
cannot be separated by angular filtering. Blocking the reflected beams would also block
a large part of the diffracted SFG light and would thus degrade the spatial resolution
of the SFM. In this setup the separation thus relies on efficient spectral filtering. The
filter combination suppresses the visible beam by more than 20 orders of magnitude,

while letting pass 30% of the SFG intensity at 450 nm. The spatial resolution is 3 pm.

The laser setup, which generates visible laser pulses and tunable IR radiation, was
moved from the EPFL to the MPI in Stuttgart. On rebuilding it, changes were made

to triple the power of the mid-IR beam and to improve the long term beam stability.

Sum-frequency microscopy permits to probe quantitatively the chemical composition
of an interface. This is demonstrated by imaging the edge of a microcontact printed
thiolate SAM on Au. The chemical specificity allows to address the individual building
blocks of a SAM — head group, terminal group and molecular backbone — and to dis-
tinguish between thiolate species like octadecanethiol and mercaptohexadecanoic acid.
Sum-frequency microscopy is sensitive enough to quantify sub-monolayer coverages. The

coverage of the thiolate between microcontact printed patterns on Au due to the vapor
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phase transport was found to be surprisingly high. Monolayers with inscribed chemical
micro-structures were pepared by microcontact printing and subsequent post-adsorption
from solution. SFM images taken for each IR wavelength of an SFG spectrum and eval-
uating the spectra locally yields quantitative information on the mixing of thiolates as
well as on the exchange of both thiolate species. An asymmetry with respect to the ex-
change was observed: Carboxyl terminated thiols displace alkanethiolates more readily

than vice versa.

Measuring the SFG spectrum for one region of the image and calibrating it with the
SFG intensity from a defined reference area in the same image was used for ”on-substrate

calibration”. It improves the SNR in SFG spectra by a factor 2 to 3.

The hydrophobic recovery of PDMS — the material typically used for the stamps
in microcontact printing — was studied by sum-frequency spectroscopy. In contrast to
other IR techniques that lack the required surface sensitivity, SFG spectroscopy is apt
to monitor the changes at the surface with chemical group selectivity. Furthermore it
is sensitive to molecular order. The methyl groups are found to have a preferential
orientation along the surface normal. During oxygen plasma etching the density of
oriented methyl groups decreases only by 30%. A recovery of the density of preferentially
oriented methyl groups within the first 200 h after exposure to the plasma was identified.
Control experiments by contact angle measurements suggest that there exists a slower
process, which determines the hydrophobic recovery of PDMS on the time scale of
1000 h.

NaCl crystallites were found to emit intense SFG radiation up to 2000 times stronger
than the pure gold SFG signal when illuminated by visible and IR laser pulses. The
origin of the effect could not be unambiguously identified. The results indicate, that it

may be correlated to inner defects of the crystallites.

Future experiments can use the demonstrated capability of SFM to obtain quan-
titative chemical information on heterogeneous SAMs. This quantitative chemical in-
formation is in part complementary to the results obtainable by chemical AFM, which
typically probes not the chemical composition directly but the hydrophobic interaction
of the SAM with the functionalized AFM tip. SFM as a vibrational technique is par-
ticularly suited for processes, e.g. interdiffusion and self-exchange, which are preferably

studied with deuterated and un-deuterated thiols. This is, because the hydrocarbon
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vibrations of chemically identical thiols are clearly separated in the SFG spectrum due

to the different mass of the hydrogen isotope.

Extending the scope, the three systems investigated in this thesis — organic monolay-
ers as model system for biomembranes, a polymer surface, and a highly localized source
of SFG — convey an impression of the wide applicability of the SFM microscope:

Resent SFG spectroscopy experiments on phospholipid membranes [114] and mono-
layers of biological molecules [115] could be extended to locally resolved studies, which
address the ongoing question of the so-called "rafts”, i.e. of structural inhomogeneities
in cell membranes and vesicles [116,117].

Devices of organic semiconductors made from organic crystalline material or poly-
mers are increasingly investigated, because their production promises to be cheap and
straightforward [118]. A critical factor is the interface between the organic material and
the metal gate. SFM could be used to image the order, composition and the orientation
of the molecules at this interface. Electric field induced sum-frequency generation may
give information on the electric field at the interface similar to the established method

of electric field induced second-harmonic generation.

From the experimental point of view, the spatial resolution of the SFM can be
improved to the diffraction limit of about 1 pum by custom designing the 1:1 imaging
optics.

The use of the SFM in combination with a high-repetition laser system (~kHz)
would increase the SNR, which is determined by photon statistics, by at least 1 order of
magnitude. Generally, a larger SFG signal results in a higher SNR. However, increasing
the power density of either laser beam in our setup led to damage of the sample. As
the sample damage is due to processes with a relaxation time of less than 1 ms (e.g.
molecular vibrations) and not due to an averaged temperature rise, higher repetition
laser systems can achieve higher SFG intensities and thus better signal-to-noise ratios.
This is shown in the simulation (Fig. 7.1) of the SFM images in Fig. 4.17 for our 20 Hz

and for a 1 kHz laser system.

The simulated pattern consists of 10 um wide lines with 50 um periodicity. The in-
tensity of the area between the lines is set to 30 photons at the non-resonant wavelength.
Thus the intensity for the pattern is set to (1 —0.08)x30 photons=27.6 photons for the
non-resonant wavelength and to (1—0.17)x30 photons=24.9 photons for the wavelength

in resonance with the symmetric methyl vibration. The image at the detector was cal-
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Figure 7.1: Simulation of the image of a micropatterned SAM: The left hand side corresponds
to the 20 Hz laser system and the experimental values in Fig. 4.17 (images c, f, and i). The
average intensity is 30 photons/pixel. On the right hand side a 50 times higher intensity as
achievable with a high repetition laser system is simulated. The single line cross sections at the
position of the dashed lines are shown on the respective side of the graph. (a) Simulated image
at the resonance of the symmetric methyl stretch, i.e. at wrgr = 2880 cm™! with a contrast of
17% = 5.1 photons/pixel. (b) Simulated difference between resonant and non-resonant image
corresponding to )2(2) (c) Cross section added up parallel to the lines similar as used in the

CH3"
evaluation of section 4.7.
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culated by folding the pattern with a resolution function of 2.8 ym width. Photon noise
was introduced by a poisson distribution for the intensity received by each pixel with
the average intensity as parameter. The reduction of the SNR by 10% due to the scatter
in the MCP amplification factor for an individual photon (see section 3.3) is neglected.

Fig. 7.1a,left shows the simulated SFM image, if w;g is in resonance with the sym-
metric methyl vibration. The contrast in the simulation appears as in the experimental
data in Fig. 4.17c. A single line cross section at the position of the dashed line is shown
to the right of the image.

Fig. 7.1b,left shows the simulated difference I, — I3, which can be compared to
Fig. 4.17f. As for the raw SFM image the SNR in the single line cross section (to the
right of the image) is too low, to identify the contrast between lines and interspaces.

Therefore a cross section is calculated by adding up the pixels along the direction of
the pattern (Fig. 7.1c,left) as it is done in the experimental results. The SNR is about
3 in agreement with experiment (Fig. 4.171).

As already mentioned in section 3.3, there are laser systems operating in the mid
infrared with a repetition rate of 1 to 2 kHz. To estimate the performance of our SFM
attached to such a laser system, the same simulation was done for an SFG intensity
being 50 times higher.

The simulated raw data (for the ICCD configuration) (Fig. 7.1a,right) and the single
cross section demonstrate, that the SNR is high enough after two hours to allow the
pixel-wise measurements of a contrast of 17%. In the methyl map the SNR is still
large enough to make the chemical contrast observable in the single pixel noise (Fig.
7.1b,right).

The SNR is reduced by a factor of V50 for the summed-up cross section in (Fig.
7.1c,right).

As the simulation reproduces the magnitude of the noise in the experimental data
it can be concluded that the statistics in our SFM images is dominated by the photon
noise. Furthermore the results for a 1000 Hz system conveys an impression how sensitive
the SFM can be in combination with a high repetition laser system.

The sensitivity is increased further because the SFM should be used without image
intensifier at these intensities. This would mean another gain by a factor of 5 in the
detected number of photons due to the better quantum efficiency of the CCD when
compared to the MCP.
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Appendix A: Initial alignment of
the SFM

The alignment of the sum-frequency microscope has to fulfill two main demands: First,
the image plane of the 1:1 optics has to be identical with the object plane of the mag-
nifying microscope. Second the conjugate planes of the magnifying microscope have to
be parallel in order to ensure an optimum performance. In the following the routine of

setting up and aligning our SFM is described.
Step 1 Standard beam height: The CCD camera is illuminated by parallel light.

This is realized by a cold-light source at a distance of about 3 m. An iris aperture is
placed directly in front of the camera such that its hole is at the central height of the
chip. This pinhole is used as the standard for defining the height in all following steps.
Step 2 Path A: The beam paths are principally defined with a HeNe laser before in-
serting any optical elements. Path A (Fig. 7.2) defines the optical axis of the magnifying
microscope.
Step 3 Grating alignment: The grating, which can be translated along three direc-
tions in order to utilize the highest quality position on the grating, is inserted perpen-
dicular to path A. It is adjusted by rotation around the x and y axis such that the Oth
order reflection of the HeNe laser is going back the same way as the incoming beam.
Subsequently the grating is rotated around the y axis so that the 1st order diffraction
is observable. Its height is adjusted to the norm pinhole by a z-rotation of the grating.
Both steps are repeated until both orders have standard height.
Step 4 Path B: Now the optical axis of the 1:1 imaging path is defined by the HeNe
laser(path B). Path A and path B are to coincide onto the grating with an angle of 60°.
The 400 pm pinhole allows for overlapping both beams with sub-mm precision.

Step 5 Microscope objective: The objective is positioned into path A. The coarse
alignment is guaranteed, if the focus of beam A impinges at the same position on the
grating as before. Fine tuning is done by tilting and by y- and x- translations of the

objective until the beam reflected from the grating is running along path A. When the
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MO microscope objective, CO camera objective, TL tube lens, PT provisional telescope

Figure 7.2: Schematics for the aligning procedure of the SFM.
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objective is defocused, i.e. moved along the z-direction, the reflection diameter has to
increase symmetrically around the apertures a and b.

Step 6 Camera objectives: For symmetrical reasons the distance between the sample
and the camera objectives (COs) equals the distance between the COs and the grating
and it is ca. 37 mm. The COs are inserted into path B at that distance to the grating.
Similar to step 5 they are aligned such that the transmitted HeNe beam still passes the
pinholes ¢ and d. The HeNe beam is now focused in front of the COs by a provisional
telescope(PT). The convex lens and thus the focus of the HeNe light is moved along
path b until the spot on the grating is focused as well. The distance between the COs
and the focus has to be equal to the separation grating — COs.

Step 7 Tube lens: The tube lens(TL) is inserted into path A. The distance between
the backside of MO and the front of TL should be in the range of 100-200 mm. The
transmitted HeNe beam has to pass pinhole a, the reflected one passes pinhole b.
Step 8 CCD: The CCD camera is placed at a distance of about 150 mm from the
tube lens. The HeNe laser is newly set up: It runs for ca. 7 m before it passes the
tube lens and is focused on the CCD chip. Attenuation with the nominally infinite filter
and at least one further filter is necessary in order to avoid overloading the CCD chip!
The tube lens is moved along z until the focus recorded by the CCD is minimal. This
separation corresponds to the imaging distance b.The final separation is found by taking

into account the divergence of the HeNe laser using

% = % + é. (7.1)
The focal width f being 200 mm and the distance from the laser to the tube lens
being g = 7000 mm we can calculate a difference between imaging distance b and f of
~ 5.6 mm. The tube lens is shifted that far.
Step 9 Focusing: Now the microscope objective is adjusted to image the edge of the
grating.
Step 10 MCP: The MCP is mounted to the CCD. Step 8 is repeated accordingly and
by repeating step 9 one assures that the edge is still in focus.

Step 11 Sample: A sample is positioned before the camera objectives. Using defined

test structures the sample plane is finely adjusted and the magnification is determined.
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Appendix B: Abbreviations and

Common Symbols

AFM
CARS

Cn

¢, COOH

FFM
FWHM
GIXD
HREELS
(I)CCD
LFM
ML
nCP
OPA
OPG
PDMS
SAM
SEM
SFG
SFM
SHG
SIMS
SNR
STM
UHV
XPS

atomic force microscopy

coherent anti-Raman spectroscopy
alkanethiol(ate) with n-1 methylene groups
alkanethiol(ate) with n-1 methylene groups and a terminal car-
boxyl group

friction force microscopy

full width at half maximum/minimum

grazing incidence X-ray diffraction

high resolution electron energy loss spectroscopy
(intensified) charge coupled device

lateral force microscopy

a full monolayer of thiolate in (\/5 X \/3)3300 structure
microcontact printing

optical parametric amplification

optical parametric generation
polydimethylsiloxane

self-assembled monolayer

scanning electron microscopy

sum-frequency generation

sum-frequency microscopy

second-harmonic generation

secondary ion mass spectroscopy

signal-to-noise ratio

scanning tunnelling microscopy

ultra high vacuum

X-ray photoelectron spectroscopy
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