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1. Introduction

The research field of nanoparticle synthesis and related nanoparticle applied sciences have
been steadily growing in the past two decades. The chemical synthesis of nanoparticles was
improved up to the point that the organic and inorganic nanoparticle colloids are produced
with a low size dispersion and with a well defi ned nanopatrticle shape in large quantities. A
stunning feature of a drying nanoparticle colloidal solution is the ability to create self-
assembled arrays of nanoparticles. The self-assembled nanoparticle arrays mimic the natural
crystals. The size of perfectly ordered domains is limited by the size dispersion of
nanoparticles. Consequently the defects in the self-assembled structure are obvious and
unavoidable. Despite these defects, the self-asembled nanoparticle arrays represent a new
class of nanostructures built on “bottom-up” technological approach to fabrication. The
traditional way of “top-down” fabrication technology primarily based on nano-lithography

is complex, including many technological step s, time consuming and expensive. The main
advantage is the tight control of all parameters governing the final nanostructures. On the
other hand, the emerging fabrication technologies based on the self-assembled nanoparticles
are fast, less complex and more price competitive. An extensive research is now focused on
a deeper understanding of processes that control the self-assembly. New routes for directed
or stimulated self-assembly are studied to achieve a tighter control than readily available in
the spontaneous self-assembly. In this chapte we will discuss the spontaneous nanopatrticle
self-assembly with emphasis on characterization of nanoparticle arrays at various stages of
the self-assembly process. The main diagnostictechnique used throughout this chapter will
be the grazing-incidence small-angle X-ray scatering (GISAXS) that represents a reliable
and simple monitor of nanoparticle arrangem ent. The theoretical background of GISAXS
and required instrumentation are described in Section 2. The most flexible surface to study
the nanoparticle self-assembly processes is tle liquid surface. The Section 3. reviews the
latest results of studies combing the GISAXS technique with Langmuir nanoparticle layers
on the water subphase. Almost all relevant nanoparticle applications rely on self-assembled
arrays on solid surfaces. The Section 4 describes in detail the possibilities of nanoparticle
transfer from liquid onto solid surfaces. The po st-processing of self-assembled nanopatrticle
arrays and their applications are reviewed in the last Section 5.
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2. SAXS/GISAXS techniques and their employment for nanoparticl e research

The transmission (TEM) and scanning (SEM) ekctron microscopy provide information on
the nanoparticle shape, average size and sizedistribution. However, this information is
usually obtained after numerical evaluation of real space micrographs from limited data
sets. Alternative approach is based on the angk-resolved analysis of scattered X-rays or
neutrons from the nanoparticles and their assemblies. In this chapter we will employ the
small-angle X-ray scattering (SAXS) (Guinier and Fournet 1955) for the nanoparticle
colloidal solutions. For nanoparticles immobilized at interfaces, a related technique so-called
grazing-incidence small-angle X-ray scattering (GISAXS) is used that has been recently
reviewed (Renaud, Lazzari et al. 2009). A geneal scheme of the GISAXS experiment is
shown in Fig. 1.

Fig. 1. The GISAXS measurement geometry

The collimated X-ray beam defined by k,-C is incident under a small grazing angle on the
sample surface. The scatteredradiation is recorded by a two dimensional X-ray detector.

Each point at the detector plane receives thescattered radiation given by a set of two angles
( % L) that corresponds to a unique scattering vector q in the reciprocal space. The
relationship between the scattering vector in reciprocal space and the scattering angles in
the real space is given by the following equations (Miller-Buschbaum 2009)
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The SAXS/GISAXS signal is given by constructive interferences of X-ray waves partially
scattered on individual nanoparticles. The total scattered intensity (also called the scattering
cross-section) at specific g vector in the reciprocal space isgiven as (Feigin, Svergun et al.
1987)
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i 1] 1
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Whered\l is the total number of nanoparticles, F (q%jis the form-factor of the ith nanopatrticle
and r; defines the position of the ith nanoparticle. Within the simple Born (kinematic)
approximation (BA) the nanoparticle form-factor is simply given by the Fourier transform of
the nanoparticle density function U(r\)jas follows (Glatter and Kratky 1982)

F(d) 3, (exp(@nar © ¢ © @)

For the nanoparticles immobilized at interfaces we have to include the refraction/reflection
phenomena at the interfaces and the associated mitiple scattering events. This is treated in
detail within the framework of the distorted-wave Born approximation (DWBA) which
introduces a modified form-factor for each nano particle confined near the interface (Holy,
Pietsch et al. 1999). A detailed survey of theDWBA theory can be found in the following
reference (Renaud, Lazzari et al. 2009). A typicaDWBA effect is the presence of the Yoneda
enhancement at the critical exit angle in the GISAXS patterns (Yoneda 1963). In many cases
we can avoid the DWBA multiple scattering te rms by recording the GI SAXS pattern at the
incident angle several times larger than the critical angle for the total X-ray reflection of the
supporting substrate (Daillant and Gibaud 2009). If we assume that the nanoparticles can be

described by an average form-factor <|F(qﬁ2> than the eq. (2) in BA can be rearranged as

follows

(@ N(F@f)s § © (4)

Here the S qG represent the nanoparticle interference function. The nanoparticle
interference f&nction is the reciprocal space equivalent of the nanoparticle pair correlation

function P r— defined in real space (Lazzari 2009). The pair correlation_function is
proportional to the probability of finding a nanoparticle at the position vector r centered at
an arbitrarily selected nanoparticle. This function is directly accessible from the TEM/SEM

micrographs.

The GISAXS experimental technique was confined for a long time to synchrotron facilities
as the scattering cross-sectio is generally very low. Each synchrotron ring has a
dedicated SAXS beamline that can support conventional GISAXSsetup. The Fig. 2 shows
the typical GISAXS scheme of the BW4 beamline at the DORIS Il ring at HASYLAB,
Hamburg (Stribeck 2007). The front-end of the experimental setup is a wiggler that
generates the X-ray radiation. The crystal monochromator is used to select a single
wavelength typically at 0.139 nm. The radiatio n is further conditioned with slits and two
cylindrical mirrors to focus the radiation in both directions at the detector plane. The
additional beryllium X-ray lenses can be attached to focus the radiation at the sample
position (Roth, Do l®mann et al. 2006).

The distance between the sample and detectorcan vary between 3 m and 13 m that allows
flexibility in the accessible range of the reciprocal space. The two-dimensional (2D) X-ray
CCD detector is used to record the X-ray radiation scattered by the sample. The primary and
specularly reflected beams are suppressed by the beamstops.
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Fig. 2. The sketch of the experimentalGISAXS geometry at BW4 beamline, HASYLAB
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Fig. 3. a) The scheme of the laboratoryGISAXS setup and (b) the photograph of its
realization at Institute of Physics SAS.

The latest advances in the low-power X-ray generators and the efficient X-ray optics opened
a new era of laboratory equipments suitable for GISAXS measurements (Michaelsen,
Wiesmann et al. 2002). Nowadays already seveal companies (Bruker AXS, Anton Paar,
Hecus XRS, Rigaku) supply complete X-ray solutions supporting GISAXS measurement
modes for solid-state samples. The Fig. 3a and~ig. 3b show the laboratory setup scheme and
the photograph of a home-built GISAXS instrumentation developed at the Institute of
Physics SAS, respectively (8falovic, Vegso et al. 2010). This setup supports GISAXS
measurements on solid as well as liquid surfaces. The core of the experimental apparatus is
a compact low-power (30 W) X-ray source (Cu-Kp equipped with a loosely focusing X-ray
Montel optics (Wiesmann, Graf et al. 2009). Tre source can be freely rotated and translated
in the vertical direction. This is important for the precise adjustment of the incident angle in
the GISAXS measurements at liquid surfaces. The unwanted scattered radiation is
eliminated by laser-beam precisely cut tungsten pinholes. The sample is fixed on a
goniometer that allows precise height and tilt adjustments.
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Fig. 4. a) The SEM micrograph of Fe-O sH#-assembled nanopatrticles. Measured (b) and
simulated (c) GISAXS pattern of self-assemblednanoparticles. d) The extracted line-cut from
the measured GISAXS patternalong with the simulation.

The auxiliary knife-edge blade is used to reduce the parasitic air-scattering. The additional
vacuum flight-tube can be inserted between the sample and the X-ray detector to reduce the
air scattering and absorption. The detector used is a fast acquisition CMOS based 2D X-ray
detector of PILATUS detector family (Kraft, Bergamaschi et al. 2009).

To illustrate the capability of the GISAXS technique to characterize the self-assembled
nanoparticle monolayers we use an example ofiron oxide nanoparticles (Siffalovic, Majkova
et al. 2007). The Fig. 4a shows the SEM imag®f a self-assembled array of iron oxide
nanoparticles. The inset of Fig. 4a shows tle Fourier transform of SEM micrograph with
partially smeared-out spots corresponding to the hexagonal arrangement. The smearing-out
is due to mutually misaligned nanoparticle do mains originating from finite nanoparticle
size dispersion which is in sharp contrast to natural atomic crystals. The Fig. 4a and 4b show
the measured and simulated GISAXS pattern, respectively. The characteristic side maxima

located at the ¢, | ©.820m Lare the “finger prints” of the self-assembly in the nanoparticle

array. In the first approximation, the mean in terparticle separation can be estimated from
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the side maximum position in the reciprocal space as ' 2 /qu 7.7nrh. This simple

estimation is valid only for a slowly varying nanoparticle form-factors within the kinematic
BA. A precise fitting of the measured GISAXS data using the full DWBA theory can provide
further information on the nanoparticle size and size dispersion as well as their correlation
length (Lazzari 2002). The Fig. 4dshows a line cut extracted from the measured GISAXS
pattern with the corresponding fit. The fitted nanoparticle diameter was 6.1+0.6 nm and the
lateral correlation length in the nanoparticle array was 87 nm. It has to be noted that
colloidal nanoparticles are covered by a surfactant shell to avoid their spontaneous
agglomeration in colloidal suspensions. In the case of Fe-O nanoparticles discussed above,
oleic acid and oleylamine were used. A GISAXS pattern fitting provides basic information
on the metallic-like nanoparticle core size while the organic shell is rather invisible for X-
rays. On the other hand, the positions of the side maxima in the GISAXS pattern are always
connected with the interparticle distance which is affected by the surfactant shell. This
example clearly demonstrates the ability of GISAXS technique to extract main nanoparticle
parameters in the self-assembled arrays. Themain advantage is that the GISAXS technique
does not require any specific sample environment conditions such as vacuum nor special
sample preparation. On the other hand it can be applied even in very aggressive
environments such as UV/ozone reactor (Siffalovic, Chitu et al. 2010). Moreover, a rapid
GISAXS data acquisition in millisecond range can be used for a real-time in-situ probing of
nanoparticle reactions and self-assembly processes (Siffalovic, Majkova et al. 2008).

3. Nanoparticle self-assembly at liquid/air interfaces

In the last ten years we have seen a tremedous progress in the colloidal nanoparticle
chemistry (Feldheim 2002; Nagarajan 2008; Niederberger and Pinna 2009). The refined
chemical synthesis routes can produce lage quantities of highly monodisperse
nanoparticles in colloidal solutions with the size dispersion below 10 % (Park, An et al.
2004). The low nanoparticle dispersion is the “holy grail” of the large-scale nanoparticle self-
assembly (Pileni 2005). Being able to prepare naoparticles with zero size dispersion, we
could fabricate genuine artificial nanoparticle crystals competing with natural ones int erms
of the structure perfection and long-range order. However the finite nanoparticle size
dispersion permits only a limited extent of ordering in nanoparticle self-assembled arrays. A
typical model for description of the real nanoparticle assemblies is the paracrystal model
(Hosemann and Bagchi 1962; Guinier 1963). Herea paracrystal order parameter summed up
with the mean interparticl e distance defines degree of the array perfection.

The colloidal nanoparticle solutions can be applied on a solid substrate directly or in two
steps, utilizing liquid surface for self-assembly with a subsequent transfer onto a solid
substrate. Drop casting followed by solvent evap oration is an example of the former method
(Chushkin, Ulmeanu et al. 2003) that proved to be successful e.g. for preparation of large
area self-assembled arrays of noble metal nangarticles with the diameter of a few tens nm.
In addition to the nanoparticle size, surfactant type affects the self-assembly as well. Fa
smaller nanoparticles, such as those presentd in this chapter with the diameter below
10 nm, a direct application of the colloidal nanoparticle solutions on solid substrate
produces only locally well assembled regions but is not suitable for large-area nanopatrticle
depositions. Here, the latter above mentioned method is promising as it will be shown later.
The GISAXS technique can be employed to teck the nanoparticle assemblies in rapidly
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drying colloidal solution at solid surfaces (Siffalovic, Majkova et al. 2007). We used the
focused X-ray beam to map the nanoparticle self-assembly at arbitrary selected position
within the colloidal drop. The Fig. 5 sh ows the three typical GISAXS patterns.
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Fig. 5. The GISAXS pattern recoded from a drying colloidal Fe-O nanoparticle drop at three
different stages: a) directly after drop casting, b) intermediate phase. c) dried colloidal drop.

The Fig. 5a shows the GISAXS pattern direcly after application of a colloidal Fe-O

nanoparticle solution onto silicon substrate. The GISAXS pattern does not show any maxima
typical for self-assembled nanopatrticle layers. The visible scattering in the GISAXS pattern is
characteristic for a diluted nanoparticle solution and can be described by the nanoparticle

form-factor. The Fig. 5b shows the intermediate state when the X-ray beam partially passes
through the colloidal drop surface. The scattering streaks originating from interfaces also
called “detector scans” are visible. The first one can be attributed to the scattering from the
substrate surface and the secondone originates from the colloidal drop surface. The angle
between the two detector streaks directly maps the angle between the normal of substrate
surface and the normal of the probed colloidal drop surface. The side maxima belong to the
already dried self-assembled areas. The Fig.5¢c shows the final GISAXS pattern after the
colloidal solution is completely evaporated. Th e interparticle distance of final nanoparticle

assembly are clearly manifested in the GISAXS pattern by the side maxima.

The spatially static GISAXS technique can track the nanoparticle assembly only in one
selected probing volume within the evaporatin g colloidal drop. In or der to monitor various
probe volumes inside the colloidal nanoparticle drop during the self-assembly process we
introduced a scanning GISAXS technique. The scanning GISAXS method is based on the fast
vertical or horizontal scanning of the evaporat ing colloidal drop by the probing X-ray beam
(Siffalovic, Majkova et al. 2008). The sketchof the scanning GISAXS technique is shown in
Fig. 6a. The colloidal drop composed of iron oxide nanoparticles dispersed in toluene was
applied onto silicon substrate located on a vertically scanning goniometer. As the
evaporating drop was gradually scanned across the incoming X-ray beam we continuously
recorded X-ray scattering from three different drop zones. In the zone Z0 the X-ray beam
passed above the evaporating drop. These data wee used for the background correction. In
the zone Z1 we recorded exclusively the X-ray scattering originating fr om the drying drop
surface and drop interior. In the zone Z2 we additionally detected the X-ray scattering
coming from the substrate surface. The Fig. 6b shows the line cuts extracted from the
GISAXS frames taken in zone Z1 corresponding tothe three different stages of the colloidal
drop evaporation process: 1.) directly after drop casting, 2.) intermediate state, and 3.) final
state characterized by the complete solvent evapration. It is important to notice that the
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experimental data for all three evaporation stages can be fitted solely using the nanopatrticle
form-factor function. According to the eq. (4) the interference function is constant in this

case,i.e.Sq 1.
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Fig. 6. a) The scheme of the GISAXS scanningechnique. b) The GISAXS pattern line cuts at

the critical exit angle for the three different st ages of the colloidal Fe-O nanoparticle drop
evaporation.
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This means that the nanoparticles do not crede self-assembled domains at the evaporating
drop surface or in its volume at any time that suggests the origin of the nanoparticle self-
assembly to be located at the three-phase bandary as predicted for a drying drop of
dispersed patrticles (Deegan, Bakajin et al.1997). The scanning GISAXS technique clearly
demonstrates the ability to track the nanoparticle self-assembly process in real-time with
millisecond time resolution.

As mentioned above, colloidal nanoparticles are usually terminated by surfactant molecules
to avoid spontaneous agglomeration in colloidal suspensions. The nanoparticles with
hydrophobic termination allow self-assembly at liquid/air interfaces and formation of
Langmuir films in the form of simple 2D systems (Ulman 1991). Controlling the surface
pressure by changing the nanoparticle layer area and the temperature of the subphase, we
can produce large-area and homogenous self-asembled nanopatrticle layers. The electron
microscopy techniques including SEM, TEM or scanning probe techniques (AFM, STM)
cannot be utilized to monitor the nanoparticle self-assembly at liquid/air interface. The
visible/UV optical microscopy and Brewster an gle microscopy are limited in resolution due
to diffraction limit (Born and Wolf 1999). Fo r a certain kind of metal and metal oxide
nanoparticles exhibiting plasmoni c properties (Au, Ag, Al, Cu) the interparticle distance can
be indirectly monitored by the energy shift in localized surface plasmon resonance due to
the dipole-dipole coupling of excited plasmons in the self-assembled nanoparticle arrays
(Rycenga, Cobley et al. 2011). On the other handhe GISAXS technique can be employed to
directly monitor the interparticle distance in self-assembled arrays directly in the Langmuir
trough. The laboratory GISAXS setup shown in Fig. 3 was used to record the GISAXS
patterns of Ag nanoparticles (6.2+0.7 nm) directly in the Langmuir trough. The GISAXS
patterns of self-assembled Ag nanoparticles with oleic acid as surfactant at the surface
pressures of 16 mN/m and 26 mN/m are show n in Fig. 7a and Fig. 7b, respectively.
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Fig. 7. The GISAXS patterns of self-assembled Ag nanoparticle Lagmuir films at surface
pressure a) 16 mN/m and b) 26 mN/m.

The surface pressure of 16 mN/m corresponds to a closed nanoparticle monolayer on the
water surface. The interference function produces two symmetrical side maxima at
dy | ©.87nm 1 (truncation rods) corresponding to th e average interparticle distance of
7.2 nm. The higher order side maxima are absat due to the short exposition time. The two-
dimensional nanoparticle monolayer has a constant interference function in the g, direction
where the modulation visible on the truncation rods is produced solely by the nanopatrticle
form-factor (Holy, Pietsch et al. 1999). At the surface pressure of 26 mN/m, the second
nanoparticle layer forms and changes the obserned GISAXS pattern (Vegso, Siffalovic et al.
2011). The newly formed nanoparticle vertical correlation perpendicular to the Langmuir
film plane results in the modula tion of the observed truncation rod depicted by the dashed
white line in Fig. 7b. It can be shown that the modulation along the truncation rod is
associated with the second nanoparticle layer laterally shifted in analogy with the “AB
stacking” in solid state crystals (Kittel 2005). The presence of the second layer can be verified
also by distinct second order maxima in Fig. 7b. The presented GISAXS results show the
possibility to study not only the lateral but also the vertical nanoparticle correlations in 3D
nanoparticle assemblies that is due to the ability of GISAXS to inspect non-destructively
buried layers and interfaces. This useful feature of the GISAXS technique to study the buried
vertical correlations of interfac es was already applied in studies of multilayered thin films
(Salditt, Metzger et al. 1994; Sifalovic, Jergel et al. 2011).

Recently we have performed in-situ real-time studies of compression and decompression of
Ag nanoparticle Langmuir films. We were interested in the correlation between the
macroscopic elastic properties of nanoparticle layers and microscopic layer parameters like
the interparticle distance. As a convenient measure of macroscopic elastic properties we use
the surface elastic modulus defined as (Barnes, Gentle et al. 2005)

e A 208 ’ (1)
w S *1
Here 3 is the measured surface pressure ofthe nanoparticle layer with the area A at a
constant subphase temperature T. The Fig. 8 shows the evaluded side maximum position
along the qy direction in the GISAXS reciprocal space map similar to the one shown in
Fig. 7a.
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Fig. 8. The evaluated GISAXSpeak maximum position and th e surface elastic modulus of
the Ag nanoparticle layer at water/air in terface as a function of the layer area.

After spreading the nanoparticle solution onto the water subphase, the nanoparticles
assemble into small clusters with hexagona ordering that has been identified by
independent ex situ experiments (to be published). Increasing the surface pressure by
reducing the layer area results in the formation of a continuous monolayer without a change
of the interparticle distance. This compression stage is characterized by a constant elastic
modulus as the isolated nanoparticle clusters are joining into larger entities. At surface area
of approximately 250 cm2 we observe an increase in the ehstic modulus peaking at the area
of 180 cn?. This stage can be associated with the densification of the nanoparticle layer
accompanied by the nanoparticle rearrangements along the individual cluster boundaries
and cluster coalescence. At the maximum of surface elastic modulus we observe also a slight
compaction of the nanoparticle layer at nanoscale indicated by the change of the
interparticle distance. This phase ends up with a compact nanoparticle layer. A further
compression of the nanoparticle layer results in the formation of a second nanoparticle layer
that induces a sudden drop in the elastic modulus and significant release of the mean
interparticle distance. The nanoparticles formin g the second layer create vacancies in the
first one that is accompanied by deterioration of the order in the first nanoparticle layer. In
this case the paracrystal model of the nanoparicle layer predicts a shift of the maximum to
lower ¢, values in the reciprocal space (Lazzari 2009) that was confirmed by this
experimental observation. After the decompression the interparticle distance in the
nanoparticle layer does not relax to the initial value. It has to be noted that the second layer
formation and tendency to form 3D ordered na noparticle assemblies was demonstrated here
for Ag nanoparticles with oleic acid as surfactant, however, other types of metallic
nanoparticles with other type of surfactant may behave differently. This example shows the
benefit of GISAXS technique to precisely monitor microscopic parameters of the
nanoparticle assemblies prior to the deposition onto solid substrates that will be discussed
in the following section.
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4. Transfer of self-assembled layers from liquid onto s olid surfaces

In the previous section we discussed the formation of nanoparticle monolayers at water/air
interface. The Langmuir film represented by self-assembled nanoparticle monolayer seems
to be the most promising candidate for the homogenous deposition of large-area
nanoparticle arrays. The two important question s are remaining. The first one is: “What is
the suitable surface pressure for deposition and how to monitor it?” The second one
is: "How to transfer the Langmuir film onto solid substrate with a minimum damage of the
self-assembled layer?” In this section we try to give answers to them.

The first question was partially addressed in the previous section. We have shown the
GISAXS technique gives a precise tool to montor the monolayer formation at nanoscale. In
Fig. 8 we showed the evolution of the interparti cle distance with increasing surface pressure
and we related formation of the second nanoparticle layer to a sudden drop in the observed
surface elastic modulus. Additionally, we can track the evolution of the interference
function in the g, direction. We showed that the interference along the g, axis is a constant
function for the nanoparticle monolayer. A ne w vertical correlation between the two layers
may appear with the monolayer collapse accompanying the formation of the second
nanoparticle layer as discussed in the previous section. This transition is manifested in the
modulation of the X-ray scattered intensity alon g the truncation rod. The Fig. 7b shows the
GISAXS pattern of the nanoparticle multilaye r with a new peak formed along the first
truncation rod (marked with dashed white line). For the nanoparticle monolayer, the
intensity is at maximum at the critical exit an gle, i.e. at the Yoneda peak. The formation of
the second layer shifts the maximum intensity upward in the g, direction.
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Fig. 9. The integral intensity of the first Bragg peak along the first truncation rod

corresponding to the formation of a vertically correlated Ag nanoparticle multilayer as a
function of the layer area.

The Fig. 9 shows the integral intensity of the newly formed Bragg peak along the first
truncation rod corresponding to the vertically correlated nanoparticles as a function of the
surface area. The GISAXS measurement cleayl shows that the decrease in the elastic
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modulus is associated with the formation of the second nanoparticle layer. Moreover we
observe a hysteretic behavior during the Langmuir film decompression associated with the

irreversibility of the expanded nanoparticle layer that is also documented by the
interparticle distance behavior shown in Fig. 8. After opening the barriers the nanoparticle

layer does not relax into a monolayer but fragments into small islands still exhibiting a

certain amount of nanoparticles in the second layer (see also further). The GISAXS
measurements confirmed the assumption that the fully closed nanoparticle monolayer

forms short before the monolayer collapse evidenced by a maximum in surface elastic
modulus.
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Fig. 10. The BAM images taken at surface areas a) 500 ¢inb) 293 cn? and c¢) 122 cn? taken
during the Ag nanoparticle layer compression and BAM images at surface areas d) 139 cri
e) 302 cn? and f) 501 cn® taken during the nanopatrticle layer expansion.

The Brewster angle microscopy (BAM) provid es further evidence of the nanoparticle
monolayer formation at microscale (Henon and Meunier 1991). The laser based BAM
provides much better contrast between the nanoparticle monolayer and water subphase
than the conventional normal incident microscopy. The Fig. 10a)-10c) show three images
taken during the nanopatrticle layer compression and Fig. 10d)-10f show three images taken
during the nanoparticle layer decompression. The nanoparticle layer was composed of
surfactant terminated Ag nanoparticles with a core size of 6.2+0.7 nm. The nanoparticle
surfactant was oleic acid. The nanoparticle layer shows vacant areas inFig. 10a). Decreasing
the film area, we close the vacancies and a compact nanoparticle monolayer forms as shown
in Fig. 10c). The subsequent expansion of tle nanoparticle layer is accompanied by the
generation of millimeters long cracks across the nanoparticle layer as shown in Fig. 10d). A
further increase of the area available for the nanoparticle expansion leads to the disruption
of nanoparticle layer into micrometer large n eedle-like clusters as shown in Fig. 10e) and
Fig. 10f). The hysteretic behavior of the nanoparticle layer at microscale during the
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compression and decompression cycle is obvbus and supports the interpretation of the
GISAXS measurements. The Fig. 10 shows setded BAM images during the compression
and expansion cycles. However we have recorded a full series of BAM images at 15 second
time intervals during the compression cycle. Based on the BAM images we can calculate the
average nanoparticle surface coverage based on the ratio between the bright areas that can
be attributed to the nanoparticle layer and the black areas corresponding to the water
subphase.
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Fig. 11. The nanoparticle surface coveragebased on BAM measurement along with the
surface elastic modulus as a function of the Ag nanoparticle layer area during compression.

We have to keep in mind that the calculation is correct only at microscale as the nanoscale
vacancies are invisible due to the BAM diffracti on limit. The Fig. 11 shows the calculated
nanoparticle surface coverage as a function of the film area. The graph shows also the
calculated elastic modulus based on the measued nanoparticle layer surface pressure. The
nanoparticle surface coverage reaches ¥ maximum value of 100% short before the
maximum in the film elastic modulus appears du ring the compression cycle. This is in a
very good correlation with the GISAXS measurement that relates the nanoparticle
monolayer collapse to the maximum in elastic modulus. The BAM measurements
underestimate the nanometer-sized vacancies inthe forming monolayer. This is the reason
that the BAM indicate formation of nanoparticle monolayer already before the monolayer
collapse. An alternative would be the imaging ellipsometry being able to track the
nanoparticle layer formation at microscale more quantitatively than the BAM technique
(Roth and et al. 2011).

In order to understand the formation of nano particle monolayer at nanoscale we deposited

the nanoparticle layers on silicon substrates. The probes were deposited at different surface

pressures by simply immersing the substrate into the nanoparticle covered water subphase.

The selected areas of nanoparticle layers were studied by the non-contact atomic force
microscopy (AFM) rather than the scanning electron microscopy as the latter one cannot

provide the information on the layer height.
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Fig. 12. The AFM images of Ag nanopatrticle layers taken at the following surface pressures:
a) 10 mN/m, b) 15 mN/m, c) 20 mN/m and d) 30 mN/m.

The Fig. 12 shows the AFM images of Ag nanopaticle layers deposited at different surface

pressures. The nanoparticle monolayer deposited at the 10 mN/m shown in Fig. 12a

displays vacancies in the nanoparticle coverage. At this stage the isolated nanoparticle
clusters are coalescing into asingle nanoparticle layer. The Fig. 12b shows a nanoparticle
layer deposited at 15 mN/m. This AFM image shows the nanoparticle clusters forming

almost a closed nanoparticle monolayer. The maximum of the surface elastic modulus was

reached shortly after 15 mN/m. The AFM imag e shown in Fig. 12c deposited at the
20 mN/m clearly demonstrates the formation of the second nanoparticle layer after the
monolayer collapse. The preferential sites for the formation of the second layer are located at
the boundaries of the nanoparticle clusters. The final AFM image shown in Fig. 12d

deposited at the surface pressure of 30 mN/m exhibits already a significant number of

nanoparticles forming the second layer. The Fig. 13 shows calculated AFM height
histograms of the nanoparticle layers deposited at different surface pressures. Only a single
peak located at 6 nm corresponding to the height of monolayer is present up to the surface
pressure of 15 mN/m. For the sample deposited at 20 mN/m shown in Fig. 12c, appearance
of a shoulder suggests onset of formation of a second nanopatrticle layer. For higher surface
pressures, the newly formed peak at 12 nm in the height histogram distribution gives clear

evidence of the second nanopatrticle layer.
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