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Structure Formation by Dynamic Self-Assembly

1. Introduction

Surface patterning has become an important part of
modern science and technology, especially in the areas of
micro-electronics, information processing and storage, nano-/
microfluidic devices, and biodection.['?] The formation of pat-
terned surfaces is also an ubiquitous and fascinating phenom-
enon in nature; as examples we mention regular stripes on
the zebra’s surface or the wings of butterflies.’] Fabrication
and investigation of patterned surfaces are active areas of
research in chemistry, physics, materials science, and biology.
Methods used for pattern fabrication are commonly char-
acterized as “top-down” and “bottom-up”. In the top-down
approach, the features are written directly or transferred
onto a substrate, e.g., by optical and e-beam lithography,
and then the microscopic and/or nanoscopic features are
engraved by applying appropriate etching and deposition
processes. Although there is much focus on overcoming prac-
tical limits in fabricating small features,*! another important
limit is how large of an area can be efficiently patterned with
small features. This limit arises because in order to write
small features, it is necessary to focus on a smaller surface
area.l’l The concepts of self-assembly and self-organization
provide an alternative approach to realize small features
over large areas via bottom-up approaches,® which rely on
the interactions of building blocks such as molecules or nano-
particles that spontaneously assemble into nano-/microstruc-
tures. The self-assembly and self-organization processes as
well as the characteristics of the surface patterns (e.g., shape,
size, function) can be controlled by tailoring the properties
of building blocks. Self-assembly processes are mainly clas-
sified as static self-assembly and dynamic self-assembly (sim-
ilar to self-organization). By definition, self-assembly refers
to autonomous organization of components into structures
under defined boundary conditions.” Self-organization (a
term originating from biology) is a mechanism for the for-
mation of patterns, processes, and structures at a higher level
through multiple interactions among the components at the
lower level, which are mainly based on weak interactions
between the molecules.”] Dynamic and nonlinear effects
are often characteristic in self-organization processes. While
the current understanding of self-assembly comes from the
examination of static systems, mechanistic details of dynamic
self-assembly are much less addressed.

The Langmuir-Blodgett (LB) technique is a well-established
and sophisticated method to control interfacial molecular ori-
entation and packing.®1% Moreover, it is an efficient approach
towards the controllable fabrication of laterally patterned
structures on solid supports, termed LB patterning. Laterally
nanostructured LB monolayers are normally generated by the
deposition of ordered 2D structures formed at the air-water
interface onto solid substrates." 14 Alternatively, the LB transfer
process itself can be used to form patterns near the three-phase
contact line from a homogeneous Langmuir monolayer.

This review intends to provide a comprehensive summary
of surface patterning during LB transfer, a typical dynamic
self-assembly or self-organization process. The lateral pat-
terning in LB monolayer prepared at the air-water interface
and consequently transferred onto a solid substrate will not
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be the focus of this review. We will review here the work con-
ducted in the last decade in the fabrication of mesostructured
patterns, which have lateral dimensions within the nano- and
microscales, over a wafer-scaled size using the LB technique.
First, strategies to form mesostructures from a homogeneous
Langmuir monolayer with controlled shape, size, and pattern
alignment will be presented. A detailed theoretical explana-
tion will be outlined in Section 3, and lastly, the patterning of
nanocrystals and other chemicals with LB transfer or other
dynamic processes such as dip-coating will be presented.

2. Fabrication of Controllable Mesostructures
Based on Lipids

DPPC, one of the major lipid components of biological
membranes, shows a typical phase behavior of a Langmuir
monolayer at the air—water interface, characterized by a
liquid-expanded (LE) phase, a liquid-condensed (LC) phase,
and a LE-LC phase transition, confirmed by the (surface
pressure)—(molecular area), mA, isotherm and Brewster
angle microscopy (BAM) images (Figure 1).°1 In the LE
phase, the DPPC monolayer behaves as a quasi-2D liquid,
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Figure 1. Phase behavior of the DPPC monolayer at the air-water
interface. Top: chemical structure of DPPC. Bottom: n-A isotherm of
DPPC (~23 °C) and typical BAM images (430 um x 537 um) for the
LE phases and LE-LC phase transition along with the corresponding
conformations of the DPPC molecules. Reprinted with permission.[81]
Copyright 2007, American Chemical Society.
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where the head groups of the DPPC molecules are transla-
tionally disordered and chains are conformationally disor-
dered. Upon decreasing of molecular areas, DPPC molecules
begin to condense and a co-existing phase of LE and crystal-
line LC occurs at the plateau region of the isotherm. Finally a
homogeneous well-packed condensed monolayer (LC phase)
appears at smaller molecular areas.

2.1. Formation of Mesostructures with Nanochannels

The fabrication approach using the LB transfer process to
create mesoscopic patterns is based on the work of H. Riegler
in the early 1990s.I'18] He first reported the transfer induced
phase transitions (i.e., substrate-mediated condensation) near
the three-phase contact line from a homogeneous DPPC
Langmuir monolayer in the LE phase. The resulting stripe
formation had a typical size scale in micrometers.['!8] Intrigu-
ingly, by elevating the transfer speed, alternating stripes with
widths of approximately 800 nm separated by channels of
about 200 nm in width were obtained, as detected by atomic
force microscopy (AFM, Figure 2b).'] Although directly
observing the stripe formation in situ at the three-phase con-
tact line in this system is difficult, one can imagine the process
as depicted in the schematic illustration of Figure 2a. The
height difference between the stripes and channels is about
1 nm, as measured by AFM, with the stripes composed of
condensed (LC phase) DPPC molecules. Considering that the
length of a DPPC molecule is about 2 nm, the material in the
channels is attributed to the expanded (similar to LE phase)
DPPC molecules, which have a larger tilt angle compared with
condensed DPPC molecules in the stripes (Figure 2c). This
was confirmed through dynamic force spectroscopy measure-
ments, where accurate detection of the tip-sample interaction
forces is possible to distinguish different phases.

In this system, the size, orientation, and shape of DPPC
patterns can be controlled by adjusting experimental condi-
tions such as the transfer velocity, surface pressure, subphase
temperature, substrate chemistry, monolayer composition,
humidity, and the transfer method. This tunability is essential
to realizing applications in surface patterning.

2.2 Effect of Surface Pressure and Transfer Velocity

The lateral size and orientation of the DPPC stripe pat-
tern from the pure DPPC monolayer strongly depends on
the transfer surface pressure and transfer velocity.?%?!l For
instance, on mica substrates, at a surface pressure of 3.0 mN/m,
a high transfer velocity of 60 mm/min induces the formation
of horizontal DPPC stripes parallel to the three-phase contact
line (Figure 3a,d). In contrast, vertical stripes perpendicular to
the three-phase contact line (Figure 3c,f) are obtained at a low
transfer velocity (10 mm/min). A very similar switching of the
direction of stripe patterns during LB transfer was reported by
Pignataro and co-workers using a slightly shorter phospholipid,
L-a-dimyristoylphosphatidylcholine (DMPC).?2 In the DPPC
system, a grid pattern, clearly showing the superposition of
horizontal stripes and vertical stripes, is observed at a transfer
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velocity of 40 mm/min (Figure 3b). In general, horizontal
stripes only appear at the high transfer velocity (60 mm/min)
with low transfer surface pressure, and the pure vertical stripes
only appear at the low transfer velocity and high transfer sur-
face pressure (still in LE phase). It is also generally true that
the faster the transfer speed, the smaller the features.

2.3. Effect of the Substrate

Different hydrophilic substrates can be used to obtain DPPC
mesostructures; however, the experimental conditions for
pattern formation are different due to the different surface
properties. One component of the stripe pattern formation is
the substrate-mediated condensation of DPPC during the LB
transfer; as such, the molecule-substrate interaction should
be a very important factor in this self-organization process.
For instance, the periodic stripe patterns can be formed
on oxygen plasma-treated silicon surface, but the transfer
velocity is slower than the velocity with a mica surface at
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(a) mica
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Langmuir monolayer at
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Figure 2. a) Schematic illustration of the process of mesopattern formation. b) Mesostructures with nanochannels on mica in phase (main figure)
and topography (inset) imaging. Experimental conditions: surface pressure, 3 mN/m; transfer velocity, 60 mm/min; and temperature, 22.5 °C.
¢) The composition of DPPC pattern: the DPPC stripe pattern is composed of expanded DPPC molecules in the channels and condensed DPPC
molecules in the stripes. Reprinted with permission.!! Copyright 2007, American Chemical Society.
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Figure 3. The shape and alignment of patterns (pure DPPC) depending on the transfer conditions. a—c) AFM images of the various pure DPPC
patterns on mica surfaces. a) 60 mm/min and 3 mN/m, b) 40 mm/min and 3 mN/m, and ¢) 10 mm/min and 3 mN/m. Double arrows in the AFM
images shows the axis of film transfer. d—f) Schematic illustration for the formation of various patterns during the LB vertical deposition. Reprinted
with permission.!1 Copyright 2007, American Chemical Society.
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the same surface pressure and tempera-
ture.[3] Moreover, different treatments of
the silicon substrate will affect the DPPC
pattern formation. At the same transfer
velocity, the surface pressure for forming
stripe patterns on RCA-treated (a 5:1:1
mixture of H,0/H,0,/NH,OH at 70 °C)
silicon wafers is higher than for that on
oxygen plasma-treated silicon wafers.[24]
One possible reason is due to the different
interfacial energies of RCA-treated silicon
wafer (106 + 3 mJ/m?) and oxygen plasma-
treated silicon wafer (88 + 2 ml/m?).
Another one is due to the different Si-OH
group concentration on the wafer surfaces,
which is an important factor for the sub-
strate-mediated condensation of DPPC
molecules during the draining process of
water on the substrate.[?! The concentra-
tion of Si-OH on RCA-treated silicon
wafer is 34% higher than that on an
oxygen plasma-treated silicon wafer. The
substrate roughness, which may influence
the kinetics of the DPPC phase transition
and dynamic contact angle of meniscus at
the three-phase contact line, is likely to be another factor to
influence the pattern formation, although this parameter has
not yet been systematically studied.

It is interestingly to note that by using a curved surface
(e.g., mica), instead of the flat surface, the microscopic pat-
terns are different. Fischer and co-workers demonstrated
that, on the curved surface, a modulated horizontal striped
pattern evolved to a zigzag boundary at the LC front of the
stripe and a continuous straight boundary at the LC rear
(Figure 4).2°] They proposed that the sensitivity of the pat-
tern to the macroscopic curvature of the substrate is due to a
flow-controlled hydrodynamic instability from the subphase
flow near the three-phase contact line.

2.4 Effect of the Second Component

For a mixed monolayer, the miscibility of various compo-
nents is important to the phase behavior and the stability
of the monolayer. To study this effect on the pattern forma-
tion, an additive component, 1,2-di(2,4-octadecadienoyl)-
sn-glycero-3-phospho-choline (DOEPC), was selected for
use with the DPPC, since DOEPC has a similar molecular
structure to DPPC and yet forms a fully LE phase at the air—
water interface under the same conditions. Compared with
the pure DPPC monolayer, the mixed monolayer of DPPC/
DOEPC (1:0.1) shifts the pattern formation to lower veloci-
ties and higher surface pressures, with the increased ability
to form horizontal stripes.?l The grid pattern only appears
at low transfer velocity (1 mm/min) and high transfer surface
pressures. Generally, the size of stripes in the mixed DPPC/
DOEPC (1:0.1) patterns is ca. 4-6 times smaller than that
of stripes formed by a pure DPPC monolayer at the same
transfer conditions.[2)]
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Figure 4. Schematic display of LB transfer of DPPC monolayer onto macroscopically curved
mica surfaces and flat mica substrate. Differences are revealed by AFM images: a) on flat mica
surface and b) on curved mica surface. Surface pressure: 2 mN/m. Transfer speed: 20 mm/min.
Scale bar: 5 um. Reprinted with permission.l?¢) Copyright 2007, American Chemical Society.

2.5 Gradient Mesotructured Surface by LB Rotating Transfer

Based on the transfer velocity dependent pattern forma-
tion,[2*27] a simple yet novel method was further developed,
LB rotating transfer, to achieve a gradient mesostructure in
a well-ordered fashion over large areas.[?! The conventional
vertical dipper is only able to move the substrate up or down
normal to the water surface during the film transfer, with
the linear velocity for all points on the substrate constant.
During LB rotating transfer, however, the floating monolayer
at the air—water interface is transferred onto the substrate by
rotating the substrate along the x-axis (Figure 5a), with the
linear velocity at different points on the substrate depending
on the distance to the axis of rotation as shown in the simula-
tion results (Figure 5b). As a result, LB patterns with different
dimensions and orientations (white lines in Figure 5b) that
depend on the transfer velocity can be generated simultane-
ously. Figure 5c shows fluorescence micrographs of gradient
stripe patterns along the red line (middle line of the sub-
strate) in Figure 5b, which is formed by LB rotating transfer
of a mixed monolayer of DPPC and a fluorescence dye NBD
(2-(12-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-amino)dodecanoyl-
1-hexadecanoyl-sn-glycero-3-phosphocholine, 2 mol%) (rota-
tional frequency, ® = 0.07 rpm; surface pressure, 7 =2 mN/m).
The angle between the red line and the three-phase contact
line decreases with increasing radius, which fits well to the
theoretical expectation (Figure 5d). Moreover, the lateral
width of the luminescent stripe and the periodicity strongly
depend on the radius: mono-exponentially decreasing with
increasing radii, as shown in Figure Se. It is easy to extrapolate
the ideas presented here to other systems, such as nanopar-
ticles?>% and lipid/lipopolymer,®'! to obtain complex arrays,
and test the experimental conditions for exploring the pattern
formation (i.e., high-throughput studies).

small 2012, 8, No. 4, 4,88-503
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3. Theoretical Model of Pattern
Formation During Monolayer
Transfer

(a)

The experimental observations show that
the stripe pattern formation during LB
transfer is directly related to the thermo-
dynamics of the monolayer in the vicinity
of the LE-LC phase transition. As the den-
sity of the monolayer varies significantly
between the LE and LC domains com-
prising the stripes, the theoretical descrip-
tion of their formation dynamics has to
include the dependence of the surface
pressure on the surfactant density; that is,
it has to include the monolayer's equation
of state. In that respect, the problem under
consideration has to be distinguished from
the stripe pattern formation observed by
Mahnke et al. and Kurnaz et al. in LB
films of fatty acids that were already con-
densed before the transfer and that exhibit
a meniscus instability due to concentration
polarization.’233] Instead of alternating
thermodynamic phases they observe
alternating stripes of arachidic acid and
cadmium arachidate perpendicular to the
transfer direction and the surface pressure
remains constant throughout the transfer.
For a theoretical discussion of these phe-
nomena, the reader is referred to the arti-
cles by Kovalchuk et al.[3+-3]

small

25 mm/min

(b)

0 mm/min

Here, we follow the approach to link
the surfactant thermodynamics to the sub-
phase hydrodynamics via the surface ten-
sion which is directly related to the surface
pressure by the equation o = o, — &, where
o is the actual surface tension of the sur-

Feroacty
Dark stripe
Lamnesce itstrpe

g = arcsin(il
-

factant-contaminated film and o, is the
surface tension of clean water.’’] As can be
seen from the pressure—area isotherms the
surface pressure close to the phase transi-
tion depends on the surfactant density in a
strongly nonlinear way (see Figure 6). The
theoretical description of this dependence
is outlined in the following section.

40 80

r {mm)

40 30

r (mm)

Figure 5. a) Schematic illustration of LB rotating transfer. b) Simulated distribution of the
linear velocity perpendicular to the three-phase contact line (v,) and orientation (denoted
by white lines) of the stripes; depth, d = 23 mm; frequency rotation, @ = 0.07 rpm; length, [
=60 mm; and width, w =20 mm. c) Fluorescence images (30 um x 30 um) of the pattern at
various points along the red line in (b). The numberin each image is the radius (r, mm), and the
dotted line is parallel to the three-phase contact line. d) The dependence of 6 on the radius,

which could be fitted well (red line, r> = 0.98) by the theoretical equation. e) The dependence
of the lateral width of luminescent stripe (green), dark stripe (black), and periodicity (red)

3.1. Monolayer Thermodynamics
and Substrate-Mediated Condensation

Mono- and multilayers of surfactants at the free water—air
interface are known to exhibit complicated thermodynamic
properties and extremely rich phase diagrams.l'] As the
present review is concerned with the formation of LE-LC
stripe patterns, we will focus on the vicinity of the LE-LC
phase transition, a regime in which the monolayer can be
described reasonably well by a scalar field y representing the
surfactant number density. In order to describe the abundant

small 2012, 8, No. 4, 488-503
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of gradient patterns on the radius. All data in (e) are fitted by a mono-exponential decay.
Reprinted with permission.’®!) Copyright 2007, American Chemical Society.

different ordering states found in Langmuir monolayers far
away from the main transition, it is necessary to take into
account also the orientation of the molecules. Theoretical
approaches to these problems can be found in the review by
Kaganer et al..’8! The characteristics of the thermodynamic
properties of a surfactant monolayer close to the LE-LC
phase transition is captured by its surface pressure isotherm
that determines the monolayers’ equation of state @ = n(y),
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For small values of A, when the mono-
layer is close to the surface, the external
field yields a tilt of the free energy towards
its higher density minimum, that corre-
sponds to the pure LC phase. Accordingly,

Xy

substrate

Figure 6. The surfactant-covered liquid thin film is described by means of the height profile
h (xy,f) that indicates the film thickness above the point (x,y) on the substrate and the
surfactant number density y (x,y,0) at the surface above (x,y); t represents time. Reprinted

with permission.[62 Copyright 2010, American Chemical Society.

that is the dependence of the surface pressure on the sur-
factant density. In the vicinity of the main transition, this
equation of state can be written in the form

7(y) = =k (V¥)> (v + Ya) AY) + Thom (¥) 1)

where « denotes the coefficient of line tension between
domains of different densities. The surface pressure of a
homogeneous system, i.e., a system without density varia-
tions mhem(Y), can be approximated by a third order polyno-
mial centered around the critical density y. of the LE-LC
phase transiotion.This formula can be derived rigorously
from a free-energy functional of the type proposed by Cahn
and Hilliard for continuous inhomogeneous systems.*)]
The resulting isotherm of a homogeneous monolayer then
has the typical S-shape known from the van-der-Waals theory
of real gases.[*!l Because of phase-coexistence within the
binodal region, one has to apply Maxwell's construction to
obtain the horizontal part of the isotherm as a valid descrip-
tion of nonhomogeneous equilibrium states. In other words,
the monolayer is considered as a 2D real gas similar to the
van-der-Waals gas.

The stripe patterns obtained in LB transfer experiments
consist of alternating domains of the LE and the LC phases.
It is therefore particularly remarkable that these structures
result from transfer of a monolayer which is prepared in
the pure LE phase on the water surface in the Langmuir
trough. This means that the surface pressure is well below
the LE-LC coexistence pressure throughout the whole
transfer process. Obviously there has to be some mecha-
nism which induces a partial condensation of the LE layer
during the transfer onto the substrate. This effect is known
as substrate-mediated condensation (SMC) in the literature
and is attributed to an interaction between the substrate and
the monolayer.['71842-%] T be more specific, this interaction
lowers the free energy of the LC phase when the monolayer
comes closer to the substrate.['’l By this mechanism, the L.C
phase is energetically favored at the substrate and the con-
densation is facilitated.

The interaction can be modeled using an interaction field,
s, whose strength depends on the distance between substrate
and monolayer, which in our case is just given by the thick-
ness h of the water film in between. This field is introduced
into the surfactant thermodynamics as an external field,
resulting in a modified surface pressure of the form

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the system favors the LC state ener-
getically in the vicinity of the substrate,
thereby facilitating the condensation of
the monolayer.

Although SMC has been discovered
almost two decades ago and its existence
is experimentally well established, little
is known about the nature of the respon-
sible interaction. This means in particular, that the functional
form of s(h), that is the exact dependence of the interaction
strength on the distance between substrate and monolayer,
is not known. Nevertheless, it has been possible to estimate
at least its overall strength by measuring the pressure differ-
ence, A, between the co-existence pressures of a monolayer
floating in the trough and at the substrate. It turned out that
the coexistence pressure is lowered by roughly 40% due to
SMC.21 However, many details of the interaction are still
unknown and remain to be investigated either by further
experiments or by a microscopic theory. One can nevertheless
impose a set of minimal constraints on the function s(#). Since
SMC facilitates condensation at the substrate, it necessarily
approaches a finite negative value for vanishing 4. In addi-
tion, s must quickly approach zero for increasing film height,
h, since SMC is never observed to occur on water films more
than a few nanometers thick. By these conditions, one can at
least limit the choice of s(k) to a certain class of functions.
Of course, for any numerical calculation, one has to provide
an explicit expression for the height dependence. Throughout
this article, we will always assume that SMC acts on the same
lengthscale as the substrate—water interaction. This means
that we choose s(h) = b'¥(h), where ¥ is the potential of the
disjoining pressure characterizing the substrate-water inter-
action as will be explained in detail in the next section.

3.2. Model of the Transfer Process

In order to model the transfer process, we consider a solid
substrate that is withdrawn in the negative x-direction from
a water reservoir with a constant velocity v. We focus on the
region close to the contact line (see Figure 6).

The moving substrate carries a film of water from the res-
ervoir and the balance of this water supply and evaporation
of the film yields the formation of a meniscus. The water bath
is assumed to be covered with a homogeneous LE surfactant
layer, which flows with the water towards the contact line.
The water film in the considered region is sufficiently thin to
be amenable to the lubrication approximation, an approxi-
mation of the basic equations of fluid flow, the Navier-Stokes
equations, for thin-film problems. This approximation has a
long history and has first been applied by Reynolds.*! The
term “lubrication approximation” stems from the fact that,

small 2012, 8, No. 4, 488-503
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although it is nowadays successfully applied to describe thin
liquid films with free surfaces,*’# it was originally invented
to model liquids in a narrow space between two plates.

Within the framework of the approximation, the water film
is described by its height profile h(x, t) that indicates the film
thickness above a point X on the substrate. The surfactant layer
at the surface of the film can described by a continuity equation
of the form 9,y = -V (yﬁ) where i denotes the flow velocity
at the surface of the water. Thus the time evolution of the sur-
factant is directly dependent on the flow in the water film. Con-
versely, y affects the water flow via the surface tension that is
related to the surface pressure by o = o, — 7. The value of 7 is
determined by the local surfactant density and its gradients as
has been explained in the previous section. After a suitable set
of scales hy, [y, t), %, and o, for height, length, time, surfactant
density, and surface tension, respectively, has been introduced,
the time evolution equations for the nondimensionalized height
profile H(X, T) := h(Xly, Tt)/ho and the surfactant density
F(f(, T):= y(f(lo, Tto)/yo take the explicit form

3 I
BTH = —V( VP + TVE - VéxH)— Eevéﬂ (3)

— 2 . N
8TF=—V( VP+FHVZ—VZXF) 4)
In these equations, the generalized pressure

P = —(1 — &’ yem(I))V? + ®(H) takes both the Laplace
pressure as well as the nondimensionalized disjoining pres-
sure @ into account. The former links the curvature of the
water surface to the pressure difference between liquid and
air while the latter describes the wetting properties of the
substrate. The disjoining pressure was experimentally discov-
ered by Derjaguin and co-workers in the thirties of the last
century.*l Although it is clear, that & depends on the thick-
ness of the liquid film, several possible forms of this depend-
ence are discussed in the literature.*’>"] The most common
choices are of the form

as On

with n € N, n > 3 and a3,a, > 0. The term o<A™ originates
from the van-der-Waals forces acting between the surfaces
of the substrate and the liquid—vapor interface of the film
(see chapter 13 of Israelachvili®!l) and describes, in the case
of Equation 5, a long-range attraction. The constant a; is
related to the Hamaker constant A [52l which is commonly
used to quantify van-der-Waals interactions, by a; = —A/(67).
The term <A™ describes a shortrange repulsive interaction.
Due to this interaction, the substrate does not dry to & =0
but is always covered with a precursor film whose height
h, is determined by the equation ¢(h,) = 0. Thus, Equa-
tion 5 describes a partial wetting substrate with a precursor
of height /,. More details on the properties of the precursor
film can be found in the reviews by de Gennes and by Bonn
et al.’3* The value of n could not be determined by experi-
ments, so far.’l In the following, the choice n = 6, that has
been discussed by Pismen and Eggers,[5>>"! is adopted. The
precursor height is the an intrinsic height scale of the system
so that it is convenient to choose h, = h,,, so that H, = 1. The
characteristic lenght and time scales of the system are defined
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by Iy = yk/oy and ty =y r*n/(hic;), respectively. Fur-
thermore, we choose ¥, = 7, and oy = 6,, — Thom(Ver). Then
the dimensionless parameter & = Yoo/ (yok)(as/a3)"/* relates
the forces acting at the monolayer covered surfaces, charac-
terized by oy, ¥o and «, to the wetting interaction described
by @3 and @.1*] Spatial variations of the monolayer density
lead to gradients of surface tension that induce Marangoni
forces. These are included in the model by the terms involving
V3 = —VIym(l) + € 2I'VT. Here, Myon(I7) is the nondi-
mensionalized surface pressure of a homogeneous surfactant
layer of density I'. Furthermore, both Equation 3 and 4 con-
tain an advective term proportional to the transfer velocity
Véx with the dimensionless transfer velocity V = vty/ly and
the unit vector in X -direction €y, to describe how water and
surfactants are dragged by the moving substrate. Evapora-
tion of the water film leads to the presence of a non-mass-
conserving contribution E,,6u to Equation 3. Here ou = pu,, —
u, is the difference of the chemical potentials of the water and
the vapor phase where as E,, = nl2 Q,/h} is the evaporation
number with the effective rate constant Q,. As the pressure
in the vapor is assumed to be close to the saturation pressure,
the chemical potential of the water film can be identified with
the generalized pressure, that is, 1, = P and p, = const.’s>]
At this point, it might be objected that the model pre-
sented here does not take the elastic properties of the sur-
factant monolayer into account. However, this approach is
valid, as one can estimate the influence of the surface rigidity
for DPPC in the LE and LC phases to be neglectable com-
pared to the influence of the tension of a clean water sur-
face.*l In order to model the transfer of layers with higher
rigidity it is necessary to extend the above model by inclu-
sion of the corresponding Helfrich energy of a stiff inter-
face.l%] This yields the presence of an additional term o<V®H,
increasing the order of the considered equations by two.[®!]

3.3. Transfer onto Solid Substrates

In order to model transfer of a floating LE monolayer
onto a substrate, we employ the boundary conditions
[(L)y=Ty, 92 T(L) = 9xI'(0) = 92I'(0), H(L) = H;,d% H(L) =
dx H(0) = 3% H(0) in X-directions as well as periodic boundary
conditions in Y-direction. Here, the constant boundary
values H; and I} correspond to the film height and the
monolayer density of the reservoir which is set to the value
corresponding to the LE phase. Numerical solution of the
Equation 3 and 4 subject to these conditions shows the exist-
ence of a certain range of transfer velocities (V,V,), subse-
quently called the patterning range, for which regular stripe
patterns are obtained.*%%2] One can distinguish two main
transfer modes within the patterning range: for lower veloci-
ties, stripes perpendicular to the contact line are observed,
while stripes parallel to the contact line are generated for
higher V. Interestingly, the perpendicular stripes occur after a
transient period during which a number of stripes parallel to
the contact line is formed (see Figure 7).

The details of the observed stripe patterns depend on the
transfer velocity. For the case of stripes parallel to the contact
line, this dependence can be studied by use of 1D calculations.
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Figure 7. In 2D simulations, a transition between stripes parallel to the contact line and stripes perpendicular to the contact line is observed at a
transfer velocity V= 0.44. More images and information about the transfer onto homogeneous substrates can be found in Kopf et al.[62]

Figure 8 shows snapshots from time simulations of 1D solu-
tions at various values of V. Clearly, the wavenumber of the
observed stripe patterns changes significantly with the pull
velocity. This is summarized in Figure 9 that shows the wav-
enumber k of the pattern as a function of V. This numeri-
cally obtained curve can be compared to similar diagrams
obtained from experiments.[19202427.63] The qualitative agree-
ment with the experimental data is striking: For low velocities,
patterns with very large periods are observed. The minimal
spatial periodicity is achieved for an intermediate V. At the
high velocity end of the patterning range, the periodicity
increases again and finally, the range ends abruptly. As the
model calculations correctly predict, the formation of stripes
perpendicular to the contact line are observed for low veloci-
ties, close to the left boundary of the patterning range. Chen
et al. present a phase diagram showing which patterns are
obtained for several different values of the surface pressure
and the transfer velocity.[?] Clearly, it is difficult to achieve
quantitative agreement. This difficulty stems from the fact
that the calculation involves a number of material parameters
that are not known exactly from the experiments such as the

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

exact form of the disjoining pressure and most importantly
the distance dependence of the substrate-mediated conden-
sation effect, that is, the SMC function s(k) in Equation 2.
Nevertheless, the theory is able to reproduce the qualitative
behavior of the experimental system and it can be applied to
predict the response to changes of other parameters besides
the pull velocity V. One such parameter is the temperature
7 of the water subphase. Its effect on the solutions of the
Equation 3 and 4 will be discussed in the following section.
Furthermore, first steps to predict pattern formation for the
case of a prepatterned substrate have been performed.*! It
has been shown that nonlinear resonance effects may lead to
modulated stripe patterns.

3.4. The Impact of Temperature

Since the pattern formation is directly connected to the ther-
modynamics of the surfactant monolayer, temperature is an
important control parameter. In particular, a change of the
temperature 7 yields a shift of the surface pressure isotherm,
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Figure 8. Snapshots from 1D computations of monolayer transfer with seven different

velocities. The solid red line is the density of the monolayer I"wheras the dashed blue line is

4.1. LB Patterning of Nanoparticles

the height profile H of the water film. The letters (a to g) correspond to the labels in Figure 9.

so that the function m,,,, in Equation 1 has to be considered
as a function of the surfactant density y and the subphase
temperature 7. Systematic experimental measurements and
numerical simulations at different temperatures show that
the patterning range is shifted towards lower transfer veloci-
ties and becomes smaller and smaller as the temperature
increases.[*!! This is intuitively understandable because the
patterning range eventually has to disappear at the critical
temperature 7, of the LE-LC phase transition above which
the two phases are no longer distinguishable. Figure 10 shows
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There has been progress reported on the
close-packed monolayer fabrication of ligand-stabilized nano-
materials on solid substrate,[®>7] since the appealing feature
of the LB technique is the intrinsic control of the internal
layer structure down to a molecular level and the precise con-
trol of the resulting film thickness. Unlike these traditional
close-packed nanoparticle monolayers on solid substrates,
the LB technique itself also is a way to obtain regular nano-
particle or nanowire pattern arrays on a solid substrate.[%8]

Contrary to the normal method for LB assembly of nano-
particles, where higher-order nanoparticle structures are
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Figure 10. The wavenumber k as a function of the transfer velocity V for
four different temperatures: 7= 20 °C (blue circles), =22 °C (green
squares), 7= 25 °C (red crosses), and t= 27 °C (black triangles).

formed at the air-water interface before they are transferred
onto a solid substrate, Schmid and Yang et al. found that
the process of LB transfer is also an efficient way to obtain
regular nanoparticle arrays on solid substrates with the help
of dewetting during the LB transfer process.[?3105-01 Ag
first reported, Schmid et al.l%] successfully obtained parallel

of materials and sizes, ranging from a few
nanometers to a few micrometers, have
been demonstrated as shown in Figure 12.
The ability of assembling nanoparticles
into 1D array enables the construction of
higher hierarchical device structures. For example, using gold
nanoparticle seeds, vertical single nanowire arrays of silicon
can be grown, replicating the pattern of the single particle
lines. The spontaneous formation of ordered gold and silver
nanoparticle stripe patterns was also found through dewet-
ting a dilute film of polymer-coated nanoparticles on the
water surface.’”] Intriguingly, the nanoparticle stripe pat-
terns are perpendicular to the air—-water interface, contrary
to the above two examples. For this system, the vertical nano-
particle stripe pattern forms due to the fingering instability.
These samples have shown that LB technique opens up a
new avenue for lithography-free patterning of nanoparticle
arrays for various applications including multiplexed surface-
enhanced Raman substrates and templated fabrication of
higher-order nanostructures.

4.2 Patterning of Other Functional Molecules

Pattern formation by substrate-induced condensation during
LB transfer or the stick-slip effect as described above should
be a general phenomenon, which is also observed by other

rows of Auss(PPhs),,Clg clusters, quasi-
1D structures of quantum dots of about
10 nm in width, using the LB technique. A
modified LB technique (Figure 11) with a
deposition angle of 20° was used to gen-
erate this kind of cluster stripes. The pat-
tern formation is mainly dependent on
the speed at which the substrate is moved.
At speeds of ~10 cm min~!, the parallel
stripes consisting of 3—4 cluster rows with
a separation of 8 nm from each other, as
shown in Figure 11. The formation of such
patterns was attributed to the existence of
water meniscus oscillation at the substrate,
inducing the generation of stripe patterns
running parallel to the meniscus.

Yang et al.®l used the LB technique
to generate well-spaced, parallel, single-
particle lines on a substrate from a dilute
Langmuir particle monolayer via a stick-
slip motion of the water—substrate contact
line. They could observe in situ a stick-slip
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Figure 11. a) Sketch of the formation of cluster stripes from an ordered monolayer. The
monolayer is oriented toward the substrate edge and the meniscus, respectively, by a non-
predetermined angle. b) Owing to the movement of the substrate from the water and the
herewith-linked transfer of the monolayer onto the substrate surface, the monolayer is
fractured along the black lines due to the oscillation of the meniscus. Stripes of 3—-4 rows
of clusters lying side by side are formed. The stripes run parallel to the water meniscus.
¢) Transmission electron microscopy (TEM) image of cluster stripes consisting of 3-4 cluster
rows. d) Magnified cut-out. The cluster rows consist of equidistantly ordered clusters.
Reprinted with permission.!®¥ Copyright 2001, American Chemical Society.
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Figure 12. Results of 1D arrays of colloidal particles with a wide range
of sizes and materials. A couple of examples are shown in the scanning
electron microscopy (SEM) images: a) 0.9 um, b) 450 nm, and c¢) 160 nm
SiO, spheres, d) 50 nm Ag nanocubes, and e,f) 7 nm Pt nanoparticles.
Panel f is a higher-magnification image showing the details of the Pt
line in panel e. Reprinted with permission.[68 Copyright 2008, American
Chemical Society.

molecules such as L-a-dimyristoylphosphatidylcholine
(DMPC)I??l and (DPPE).™ However, the experimental
window (e.g., subphase water temperature ranging normally
within 10-40 °C for LB preparation) limits applying this
method directly to many other materials; not all (amphiphilic)
molecules will stay in a homogenous distributed state in
such a temperature range at the air-water interface. Instead

small

of the direct patterning of other materials by searching for
optimal conditions, preparing a two-component system is
likely to be an effective way to pattern different molecules.
DPPC will be taken as one component, the other one can
be varied. For instance, 4-(dicyanomethylene)-2-methyl-6-
(4-dimethylaminostyryl)-4H-pyran (DCM), a typical dye for
laser application, and 2-(12-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)-amino)dodecanoyl-1-hexadecanoyl-sn-glycero-3-phos-
phocholine (NBD), a typical dye for bio-labeling, can be used
to generate regular and tunable luminescent stripes with
submicrometer scale lateral dimensions (Figure 13).'] The
dye molecules are uniformly distributed within the expanded
DPPC channels, which are separated by condensed DPPC
stripes. The width and periodicity of the luminescent stripes
can be controlled by adjusting the ratio of dye to DPPC, as
shown in Figure 13c. It is worth mentioning that some of the
dye molecules used (DCM, Nile red, and oligo(p-phenylene-
vinylene)) are non-amphiphilic water-insoluble molecules,
suggesting that this method can also be employed for pat-
terning other water-insoluble materials.

Recently, the same concept was applied to pattern radical
initiators. In a mixed monolayer consisted of DPPC and the
radical initiator, the radical initiator could be arranged in
the channel regions by LB transfer. Subsequently followed
by surface initiated polymerization (SIP), regular stripes of
polystyrene and polyacrylate brushes were obtained, as sche-
matically depicted in Figure 14.2] The polymer stripe width
can be adjusted ranging from about 0.2 to 1.3 um with the
height of the brush polymer reaching 10 nm. Since a reactive
group is chosen for covalent attachment of the polymer ini-
tiator onto the surface (e.g., silane group to Si wafer), and the
group exposed to air can be well designed, this simple and
reliable method can be used to create stable, functional, and
nanostructured patterns over large areas.

The stripe formation during LB transfer may not neces-
sarily be based on the surface-induced condensation. Rather,
the key point is creating meniscus instability. The meniscus
oscillations based on a variation of the local subphase com-
position—rather than surface induced condensation—within
the deposited fatty acid monolayer was reported by Vollhardt

(¢) 3000,
—=m— Luminescent stripe
—e— Periodicity
2000
€
£
£
k] L]
= 10004
S
i\i/
01— T T T T T
0 2 4 6 8 10

Molar fraction of NBD-PC (mol%)

Figure 13. a) Confocal laser scanning microscope (CLSM) image of the regular luminescent stripes formed by DCM/DPPC (5 mol%) at 1.0 mN/m
and 10 mm/min. (Excited at 488 nm and detected at 580—700 nm). The inset in the CLSM image shows an AFM image of the stripe pattern.
b) CLSM images of mixed monolayers of NBD/DPPC (2 mol%) at 2.0 mN/m and 20 mm/min. (Excited at 488 nm and detected at 500-600 nm).
) Dependence of the luminescent stripe width and periodicity on the molar fraction of NBD. Reprinted with permission.8! Copyright 2007,

American Chemical Society.
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Figure 14. Concept of fabrication patterned polymer brushes by patterning the polymer
initiators. LC = liquid condensed phase, LE = liquid expanded phase Reprinted./”!]

and co-workers.’®! In their case, counter metal ions were
used in the water subphase. In considering the LB deposition
process, one should take into account that a deposited mono-
layer can contain only the neutral molecules of fatty acid or
of the corresponding salt. The motion of a charged surface
relative to the bulk solution will always accompany concen-
tration polarization. For the case of monolayer deposition,
the concentration polarization effect can be sufficient to pro-
duce a significant local change of the subphase composition,
thus induce the meniscus stability, overlapping with compli-
cated hydrodynamic processes. In other studies, stripe pattern
formation in a mixed monolayer of DPPC with a lipopolymer
or with 1,2-dilaurolyl-sn-glycero-3-phosphocholine (DLPC)
were reported by Purrucker et al.’'l and Moraille et al.[”?]
Both systems are transferred at a relatively higher surface
pressure regime. The stripes in the former case are perpen-
dicular to the three-phase contact line, whereas in the latter
case they are parallel to the three-phase contact line. In both
cases, the mechanisms are not based on the surface-induced
condensation but on wettability-induced phase separation
(former case) and shear force-induced alignment/distortion
of DPPC solid domains in the DLPC fluid matrix, as pro-
posed by the authors.

4.3. Dentrite Pattern Formation by Dip-Coating

Besides LB transfer process, dip-coating is another attrac-
tive method to prepare various patterns.’*$)! There are
some common and different features between these two
techniques: 1) Regarding the pattern formation, LB and
dip-coating techniques are based on the similar concepts in
some cases including contact line deposition, finger instability
effect, and/or stick-slip behavior. 2) LB requires the transfer
of materials from a volatile organic solvent to a water sur-
face; therefore, materials should be compatible with both
organic solvent and water, whereas diverse systems such as
homogeneous solutions and heterogeneous suspensions can
be used in dip-coating process. 3) LB has a unique ability to
precisely produce monolayer patterns because, in principle,

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and nanowires and soluble chemicals by
dip-coating has been documented in liter-
ature. Generally, regular stripes, 1D nano-
particle array, and 2D nanowire array with
orientation perpendicular or parallel to the contact line have
been achieved in different systems. In this section, we will
give a brief summary of previous work, and focus on a special
growth of dendrite patterns with thickness control with
monolayer precision via dip-coating process.

Inspired by the “coffee ring stain” effect, Yang et al.["*l uti-
lized dip-coating technique to produce nanowire arrays over
large area from nanowire dispersion-the most common form
of nanowire stocks. In their work, selective positioning of Ag
nanowire arrays with controllable alignment, spacing, and
density was achieved based on the concept of the stick-slip
motion of the contact line during dip-coating. Stebe et al.[]
reported that withdrawal of a plate from an aqueous particle
suspension yielded periodic horizontal stripes. Depending
on the withdrawal velocity relative to transition velocity at
which a thin film of liquid is entrained above the meniscus,
the stripe patterns with tunable width, spacing, and thickness
were fabricated. Pei et al.[”®l demonstrated the in situ growth
and patterning of aligned organic semiconductor nanowire
arrays from homogeneous solution via dip-coating. By opti-
mizing stick-slip motion, the spatial condition for solvent
evaporation, and the solution concentration, parallel organic
nanowire arrays with controllable length, density, and perio-
dicity were directly grown and aligned on the substrates.

As described above, dip-coating generally produce pat-
terns in stripe or array with orientation perpendicular or
parallel to the contact line. The thickness control in conven-
tional dip-coating system is about tens of nm or even more.
Recently, we reported the growth of dendrite patterns of
an organic semiconductor (DTBDT-C9, Figure 15a) with
thickness control with monolayer precision.®”] During the
dip-coating process, the withdrawal velocity (U) was system-
atically adjusted, which appeared to have a great influence on
the growth of the molecules, mainly on the fractal morphology
of microstripes (Figure 15¢—f) as well as on the number of
molecular layers (N) of microstripes (Figure 16a). As shown
in Figure 15c—f, withdrawal of substrate from DTBDT-
C9 solution at different velocity generally yields partially
aligned dendrite patterns, but the precise structure of these
patterns exhibits obvious dependence on the withdrawal

small 2012, 8, No. 4, 488-503
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Figure 15. a) Molecular structure of DTBDT-C9. b) Schematic diagram of dip-coating process.
Optical images of large-area stripes of ¢) mixed multilayer, d) pure bilayer, e) pure monolayer,
and ) cross-area between bilayers (right) and monolayers (left). Reprinted with permission. 8%

Copyright 2010, American Chemical Society.

velocity or the number of molecular layers of microstrips.
This feature is clearly different from the characteristics of
patterns described above. Figure 16a reveals that the number
of molecular layers decreases with the increasing withdrawal
velocity. Lower withdrawal velocity yields mixed multilayers
(3-9 monolayers). It is noteworthy that pure monolayer and
bilayer microstripes over large areas (Figure 16b,c) can be
obtained at high withdrawal velocity. Under optimized condi-
tions, pure trilayer and tetralayer dentrite patterns over large
area have been obtained as well. The controllable growth of
dentrite microstripe patterns with monolayer precison pro-
vides a powerful system for fundamental research and device
applications.
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5. Conclusion and Outlook

We have reviewed recent experimental
and theoretical work on the fabrication
of well-ordered mesoscopic structural sur-
faces over large areas by the LB and dip-
coating techniques. Theoretical progress
has led to a rather complete description of
the dynamical self-organization processes
underlying LB patterning. The experi-
mental results summarized here show that
dynamic self-assembly may be able to suc-
cessfully control and modify the surface
patterning, which is a prerequisite if LB
patterning®!! is to become a candidate
for the assembly of nanostructures into
integrated device architectures.[$2-%9] The
wider use of different materials opens
the possibility of extending the methods
to other pattern-generating chemical sys-
tems. The mesoscopic structural surfaces
described here may serve as a platform
for engineering biological-material inter-
faces, for instance, surfaces for controlled
cell adhesion and specific interactions
with biocomponents. Moreover, in combi-
nation with biomaterials (protein, DNA,
polysaccharide), mesoscopically structured
surfaces may contribute to construction
of biofunctionalized structures and “pro-
grammed” systems.
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