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A
moving liquid/solid/air triple line

of a volatile liquid, omnipresent
in dip-coating processes, exhibits

a remarkably complex, non-equilibrium
physics: The hydrodynamic shear stress
and evaporation rate diverge according to
theoretical models.1�3 The latent heat of
evaporation (and sometimes crystallization)
induces temperature inhomogeneities
and concentration gradients which cause
an interplay of interfacial and gravitational

forces, evaporation, diffusion, and thin-
film flows which can lead to patterned
coatings. The underlying pattern formation
processes are of fundamental interest.4

Their control allows one to form self-
assembled, patterned thin-film structures
over large areas,5�7 which are of relevance
in many nanotechnological fields, ranging
from surface wettability control8�10 and
supported biomembranes11 to organic
electronics.12,13
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ABSTRACT We present an experimental study of the micro- and

mesoscopic structure of thin films of medium length n-alkane

molecules on the native oxide layer of a silicon surface, prepared

by dip-coating in a n-C32H66/n-heptane solution. Electron micro-

graphs reveal two distinct adsorption morphologies depending on

the substrate withdrawal speed v. For small v, dragonfly-shaped

molecular islands are observed. For a large v, stripes parallel to the

withdrawal direction are observed. These have lengths of a few hundred micrometers and a few micrometer lateral separation. For a constant v, the stripes'

quality and separation increase with the solution concentration. Grazing incidence X-ray diffraction and atomic force microscopy show that both patterns

are 4.2 nm thick monolayers of fully extended, surface-normal-aligned alkane molecules. With increasing v, the surface coverage first decreases then

increases for v > vcr∼ 0.15 mm/s. The critical vcr marks a transition between the evaporation regime, where the solvent's meniscus remains at the bulk's

surface, and the entrainment (Landau�Levich�Deryaguin) regime, where the solution is partially dragged by the substrate, covering the withdrawn

substrate by a homogeneous film. The dragonflies are single crystals with habits determined by dendritic growth in prominent 2D crystalline directions of

randomly seeded nuclei assumed to be quasi-hexagonal. The stripes' strong crystalline texture and the well-defined separation are due to an anisotropic 2D

crystallization in narrow liquid fingers, which result from a Marangoni flow driven hydrodynamic instability in the evaporating dip-coated films, akin to the

tears of wine phenomenology.

KEYWORDS: 2D crystallization . Marangoni flows . n-alkane . silicon . atomic force microscopy . scanning electron microscopy .
X-ray diffraction
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These interesting fundamental and technological
aspects of pattern formation in the dip-coating of
molecular14�18 and colloidal solutions,19�21 as well as
our own observation a few years ago of stripe forma-
tion in the dip-coating of silicon wafers by alkane
solutions, are the motivation for this study.
Normal alkanes, such as dotriacontane (n-C32H66

denoted C32) studied here, are basic building blocks
of complex organic molecules like lipids, surfactants,
and liquid crystals22 and exhibit a remarkably rich bulk23

and surface phase behavior.24�28 Spatially confined in
pores or capsules29�33 or semi-infinitely confined on
planar substrates, such as silicon,34 sapphire,35 and
graphitic surfaces,36,37 they constitute important exam-
ples of soft molecular systems meeting classic solids.
The structure and thermodynamics of n-alkanes

on silica (SiO2)-terminated silicon wafers34,38�45 have
been extensively studied, with C32 providing the
most detailed insights. High-resolution ellipsometry,34

atomic force microscopy (AFM),41,43 and both X-ray
reflectivity40,46 and grazing incidence X-ray diffrac-
tion (GIXD)41 revealed that C32 films are composed
of two layers, in which the molecules are oriented
parallel to the SiO2 surface. Above this bilayer, mol-
ecules organize in layers with their long axis oriented
perpendicular to the surface, as shown in Figure 1.
Laterally, the molecules form a quasi-hexagonal,
2D rectangular lattice, which results in an orthorhom-
bic crystalline structure with lattice parameters
a = 7.57 Å, b = 4.98 Å, and c = 85.0 Å at room
temperature.40,41

In this work, we examine the micro- andmesoscopic
structure formation occurring upon dip-coating
of silicon wafers in C32/n-heptane solutions (see
Figure 2). The morphological evolution as a function
of withdrawal speed v is related to both the dynamical
processes occurring at the three-phase solution/
substrate/air contact line and the crystallization mec-
hanisms in the 2D films.

RESULTS

Figure 3 presents scanning electron microscopy
(SEM) images of samples drawn at v ranging from
0.03 mm/s (a) to 1 mm/s (f). For v e 0.17 mm/s, the
molecules form islandswith a dendriticmorphology, as

reported in ref 41 and denoted as dragonfly structures,
shown magnified in Figure 4. Above v ≈ 0.25 mm/s,
the length of the dragonfly's long axis increases,
particularly in the withdrawal direction, and the long
axes increasingly tend to align parallel to this direction.
At 1 mm/s, this leads to the formation of an almost
perfect parallel stripe pattern inclined or parallel to the
withdrawal direction.
In the AFM images (Figures 5 and 6), thewell-defined

stripe pattern is also clearly observable. The height of
the stripes (see bottom panel in Figure 6) is ∼4.2 nm
as measured in the AFM contact mode.47 Because this
value agrees with the length of a single all-trans C32
molecule (see Figure 1), it indicates that the C32
molecules are aligned perpendicular to the substrate
plane. This conclusion is in good agreement with
previous ellipsometry and X-ray reflectivity measure-
ments, which also showed that below the perpendi-
cular molecules is a homogeneous bilayer of parallel
molecules40,46 (see Figure 1).
Obviously, the C32 surface coverage and the quality

of the stripe pattern in the AFM picture of Figure 6
are markedly higher than those in the SEM pictures
depicting stripes (see Figure 3). These originate in the
difference in the C32 solution concentrations used
for the sample preparation. As documented in the
sequence of AFM images in Figure 5 documents,
recorded for a fixed v = 1 mm/s, the monolayer cover-
age and the quality of the stripe pattern increase
markedly with increasing concentration.
The distinct morphological changes in the alkane

coating are accompanied by substantial changes in the
v-dependent surface coverage C(v). To quantify this,
the SEM imageswere divided into areas covered (white)
and not covered (black) by a layer of substrate-normal
molecules. C then corresponds to the percentage of
white pixels in the image, plotted in Figure 7.C(v) > 50%

Figure 1. Schematic side view of the microscopic structure
of thin C32 films on the native oxide layer of a silicon
substrate.

Figure 2. Schematics of the dip-coating geometry: (a) side
view of the evaporation (left) and the entrainment
(Landau�Levich�Deryaguin) (right) regimes; (b) top view in
the Landau�Levich�Deryaguin regime, after the Marangoni
flow-driven hydrodynamic instability induces fingers in the
evaporating dip-coated film. The x, y, and z are, respectively,
the directions of withdrawal, solution/substrate/air contact
line, and the surface normal. The meniscus height, which for
slowspeeds and small contact angles agreeswith the capillary
length lc, is shown in (a). L, Λ, and h are, respectively, the
characteristic length of the advancing liquid bulb, the wave-
length of the fingering instability, and the coating film
thickness in the Landau�Levich�Deryaguin regime, dis-
cussed in the text.
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at very small v decreases rapidly with increasing v. At
0.17mm/s, only 10%of the surface is covered. However,
as v increases further, C(v) also increases, reaching a
plateau of 35% at v ≈ 1 mm/s.

The direct imaging methods presented above give
some insights into the meso- and macroscopic mor-
phology. However, surface-sensitive X-ray diffraction
allows one to uncover the microscopic details of the
molecular order within the film. Figure 8a,b shows,
respectively, the scattering geometry and two diffrac-
tion patterns for a striped sample at two azimuthal
sample orientations, ω = 0 and 55�. The peaks ob-
served in (b) are attributable to the (11) and (20) Bragg
reflections from a 2D rectangular lattice with a = 7.57 Å
and b= 4.98 Å, that is, q11 = 1.51 Å�1 and q20 = 1.67 Å�1,
in good agreement with the structure of the crystalline
C32 monolayer reported in the literature.41 Note that,
for presentation reasons, ω = 0� was chosen at the
azimuthal orientation maximizing the intensity of the
(20) reflection. This occurs at ∼6� relative to its initial
orientation with the incident beam perpendicular to
the stripe or x direction. This rotation agrees reason-
ably well with the Bragg angle θ = 5.8� of the (20)
reflection.
Both the (11) and the (20) Bragg peaks are asym-

metric and exhibit shoulders. This could indicate the
coexistence of structures with slightly different lattice
constants or an oblique 2Dmesh, for example, in order
to achieve commensurability with the underlying flat-
lying molecules. These effects have been observed for
n-alkanes on crystalline substrates.48,49 A lattice con-
stant spread could also originate in the variation of
the hydrodynamic shear stresses encountered by the
crystals during the non-equilibrium growth processes.
In addition, the instrumental resolution and the
finite grain sizes contribute to the peak broadening.50

Figure 4. (a) Electron micrograph of a “dragonfly” cluster for
v=0.17mm/s andC32 solution concentration of 1.81mmol/L.
(b) Dragonfly 2D crystallography: the filled hexagons (top
views of the page-normal C32 backbones) represent possible
lateral C32 positions in a 2D quasi-hexagonal, rectangular
lattice. (c) Illustration of a sequential, dendritic growth mech-
anism resulting in the dragonfly morphology. Green and red
hexagons represent, respectively, favored and unfavored
attachment sites for growth. See text for discussion.

Figure 3. Electronmicrographs of a C32filmmorphology for vof (a) 0.03mm/s, (b) 0.08mm/s, (c) 0.17mm/s, (d) 0.25mm/s, (e)
0.5 mm/s, and (f) 1 mm/s. The C32 solution concentration is 1.81 mmol/L.
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Our experimental data are, however, insufficiently
detailed to separate those effects. Therefore, we resort
to the simple 2D lattice suggested above because it
describes reasonably well all our experimental findings
and conjectures outlined below.
Clearly, the 2D diffraction patterns of Figure 8b are

not a powder average of randomly oriented crystals.
The finding that only the (20) reflection is observable
for ω = 0� and only the (11) reflection is observable
for ω = 55� indicates a strong crystalline texture. This
conclusion is supported by the pole figure depicted in

Figure 8c, where the intensity variation of these two
prominent 2D peaks is plotted as a function of the
azimuthal angle ω. The (20) reflection appears only
close to ω = 0 and 180�, indicating that the Æ10æ direc-
tion (the a direction of the rectangular lattice) is almost
perfectly aligned with the stripe and withdrawal (x)
direction. Furthermore, the peaking of the (11) reflec-
tions' intensity in the pole figure at ω11 = 55.7� and
ω11 = 122.9� agrees reasonably well with this Æ10æ
orientation.
Note, however, that the peaks in the pole figure

exhibit sizable ω widths of ∼10� fwhm, significantly

Figure 5. AFM topography images of samples manually
withdrawn at v ≈ 1 mm/s from C32 solutions at concentra-
tions of (a) 1.81 mmol/L, (b) 1.94 mmol/L, (c) 2.12 mmol/L,
and (d) 2.17 mmol/L. Image widths are 20 μm. (e) Concen-
tration dependence of substrate coverage and stripe width
for v = 1 mm/s as determined from AFM pictures (squares).
Coverage determined from a SEM image at v = 1 mm/s is
shown for comparison (red circle). The solid line is a linear fit
to the AFM points.

Figure 6. AFM topography image of a sample manually
withdrawn at v ≈ 1 mm/s from a solution with a C32 con-
centration of 2.06 mmol/L. Bottom panel: height profile
along the line in the top panel. Coverage is 74%.

Figure 7. Dependence of v on the surface coverage by C32
for a solution concentration of 1.81 mmol/L. The solid and
dashed lines correspond to characteristic scaling regimes
discussed in the text. As illustrated in the top panel, the
vertical dotted line marks the velocity of ∼0.25 mm/s
separating the regimes of dragonfly and stripe formation.

A
RTIC

LE



CORRALES ET AL. VOL. 8 ’ NO. 10 ’ 9954–9963 ’ 2014

www.acsnano.org

9958

above the estimated experimentalω resolution of∼1�.
This observation indicates either a large crystalline
mosaicity within the stripes or a significant angular
distribution of the orientation of single-crystalline stripes
around the withdrawal direction. The SEM pictures of
Figure 3f clearly support the idea of such a broad
azimuthal distribution of the stripe orientations. Hence,
we attribute the largepeakwidth in thepolefigure to the
imperfect alignment of the stripes rather than to mosai-
city. Of course, we cannot exclude a superposition of
both effects, which can only be verified by high-resolu-
tion peak shape measurements50 currently unavailable.

DISCUSSION

First, one may ask whether the C32 adsorption
is complete prior to the withdrawal of the substrate.

A previous ellipsometry study51 found no evidence
for such a layer, implying a concentration below that
required for layer formation, cI. Thus, the layers of
surface-normal molecules discussed above must form
upon wafer withdrawal from the solution. This also
explains why the morphology of the adsorbate is
entirely independent of the immersion time but is
very sensitive to the withdrawal speed. The physics
involved is that of the forced wetting of a substrate
pulled out of a bulk liquid as pioneered by Landau,
Levich,52 and Deryaguin,53 extended by de Gennes54

and Eggers,55,56 and reviewed in refs 3 and 57.
The geometry of thewithdrawal is shown in Figure 2.

In the static case (v = 0 mm/s withdrawal speed along
þx), a (curved) meniscus forms due to the competition
of gravity, g, and surface tension, γ. The contact angle
at the contact line is somewhere between 0 and 90�.
The meniscus's characteristic x length is, in the present
case, on the order of the capillary length lc = (γ/Fg)1/2,
where F is the liquid's mass density. For dip-coating
with a finite velocity v (forced wetting), this meniscus
is deformed, stretched along the þx direction into a
dynamical meniscus. Its extension depends on a com-
petition between the liquid capillary force upward and
the gravitational force downward. The no-slip velocity
boundary condition at the liquid/substrate interface
along with the fluid's inertia and the viscous forces
favors the formation of a liquid film on the withdrawn
part of the substrate. Solving the Navier�Stokes equa-
tion for this situation yields a critical velocity vcr below
which no liquid film forms on the substrate (regime I or
evaporation regime). Above vcr, a film is formed whose
thickness depends sensitively on the withdrawal
velocity (regime II, entrainment or Landau�Levich�
Deryaguin (LLD) regime).
A quantitative analysis yields for the critical velocity,

vcr, separating these two regimes for an ideal, planar
substrate withdrawn vertically from a bulk solution
(eq 9 in ref 55)

Cacr ¼ θ3e
9

1
A(γ,η, H, Cacr)

(1)

where Cacr = vcrη/γ is the capillary number (the ratio of
viscous to surface forces) at vcr, θe is the static contact
angle, η the viscosity, and A(γ, η, H, Cacr) is a logarith-
mic correction that depends on the fluid parameters
and the Hamaker constant typical of the solution/
substrate van der Waals interaction.
The distinct film formation regimes imply distinct

scaling regimes for C(v). As shown below, in the
evaporation regime, the amount of deposited material
monotonically decreases whereas in the LLD regime it
monotonically increases with v. Thus, a surface cover-
age minimum is expected in dip-coating at vcr and
is indeed observed at v ∼ 0.15 mm/s in Figure 7.
When the influence of the solute is neglected and
the fluid parameters of pure C7 used (γ = 20.14 mN/m,

Figure 8. GIXD measurements. (a) Schematic diagram of
the scattering geometry; R, ω, and 2θ are, respectively, the
X-rays' incidence angle, the sample's azimuthal rotation
angle, and the scattering angle. (b) Diffraction patterns of
a striped sample at the two indicated ω orientations. (c)
Overlay of two pole diagrams, i.e., peak intensity positions
in ω, measured in 5� steps at two fixed Bragg angles, 2θ =
10.55� (squares) and 11.67� (circles), corresponding to the
(11) and (20) reflections at q11 = 1.51 Å�1 and q20 = 1.67 Å�1,
respectively; ω = 0 is∼6� rotated from the direction, where
x, the withdrawal (and stripe) direction, is perpendicular
to the incident beam. The sample was prepared from a
solution with a C32 concentration of 2.06 mmol/L.

A
RTIC

LE



CORRALES ET AL. VOL. 8 ’ NO. 10 ’ 9954–9963 ’ 2014

www.acsnano.org

9959

η = 0.42 mPas, H = 5 � 10�20 J),57 v = 5 mm/s
corresponds through eq 1 to a contact angle of
θe ≈ 3.5�. We are not aware of any θe measurements
of C7 on silica surfaces with sufficiently high precision.
The small value of θe agrees well with the almost
perfect wetting and spreading behavior reported for
n-heptane on silica surfaces.57,58

The formation of the dragonfly-shaped molecular
islands in regime I (v < 0.15 mm/s) can now be
rationalized as follows: The C7 evaporation in the
stationary meniscus leads to concentrations exceeding
cI. Initially, the supersaturation is low. Nucleation centers
of the monolayer of surface-normal molecules are
formed, and growth proceeds under equilibrium condi-
tions. Faceted 2D crystals with quasi-hexagonal habits
are formed, reminiscent of the crystalline structure of
the surface-frozenmonolayer forming at the free surface
of a bulk C32melt.25,26 These constitute the dragonflies'
nucleation centers shown in Figure 4. With a further
increase in supersaturation, dendritic growth sets in.59

The molecules are preferentially attached in the fast-
growing Æ10æ and Æ10æ in-plane directions (a directions
of the 2D in-plane lattice),30 which form the dragonfly's
body, and the (Æ13æ,Æ13æ,Æ13æ,Æ13æ) directions, which
form its four wings (see Figure 4). Note that the angle
between the Æ10æ direction and the set of Æ13æ directions
is 63�, in good agreement with the corresponding angle
in the electron micrographs shown in Figure 4.
The dendritic growth directions leading to the drag-

onfly shape can be traced to basic 2D crystallization
principles of a quasi-hexagonal packing, the dominant
2D interactions between the fully extended hydro-
carbon backbones, and the peculiar self-assembly con-
ditions in the confined geometry of the evaporating
meniscus. First, the isotropic part of the van der Waals
interaction between extended C32 molecules drives a
triangular packing of the molecules. The quadrupolar
contribution favors perpendicular backbone planes for
neighboring hydrocarbons, leading to a herringbone
ordering of the hydrocarbon backbones and a slight
distortion of the hexagonal arrangement.29,60�62 Thus,
the basic 2D crystal nucleus is quasi-hexagonal with a
herringbone ordering of the C32 backbones, as shown
in A in Figure 4c. The preference for a triangular
packing, that is, being at a vertex of a triangle, drives
the next molecule that joins the nucleus to a position
fulfilling this condition, as shown in green in B. Now, the
2D crystallite formation (shown in C) depletes the local
alkane concentration, which is low anyway. So, the next
molecules to join the crystal have to come in from some
distance away from the center of the growing crystal.
Coming in, they will first meet the outermost reach of
the crystal, positions like thosemarked in green in D. To
reach positions closer to the center, like that in red in D,
they will need to diffuse further in. So, the molecules
attach to the first suitable position they meet (i.e., the
green one), but because they prefer triangular packing,

two molecules will attach, as shown in green in D,
creating the crystal in E. This makes the red position
in F even less accessible tomolecules, rendering attach-
ment of molecules there in further growth steps even
less likely. The next step proceeds similarly to that from
A to C, creating G from E. Repeating this process creates
the dragonfly-shaped crystallite shown in Figure 4b.
The herringbone packing, distorting the hexagons

in the crystallographic a direction, reduces the nearest
neighbor distances in this direction and increases the
molecular attraction. Thus, the free-energy gain in a
molecular attachment is larger in this direction than
in the Æ13æ directions. The crystallite grows, therefore,
preferentially along the Æ10æ direction, yielding the
longer dragonfly body in Figure 4b.
The scenario above implies that the dragonflies are

single crystals, similar to many types of dendritically
grown snowflakes.63 This conclusion is supported by
the observation that all wings of second (or higher)
order have a fixed angular relation to the main body
and the wings of first order, as observed in Figure 4a.
X-ray diffraction on these crystallites, currently unavail-
able, is required to conclusively validate this point. Their
microscopic architecture has been indirectly inferred
from the mesoscopic morphology and the known 2D
crystalline structure of the monolayer. Therefore, we
cannot exclude an additional influence on the dragon-
fly morphology due to a crystalline arrangement of
the underlying parallel bilayer. Moreover, the growth
scenario is only qualitative and does not describe
the full details of the crystallization process and the
structure of the growing dragonfly. Similarly, as demon-
strated for crystal nucleation and growth of bulk alkane
crystals,64�67 computer simulations could provide im-
portant complementary insight.
The number of dragonfly nucleation centers in-

creases with the time that the meniscus is in contact
with the substrate, decreases with the solvent concen-
tration, and depends on the evaporation rate and the
flow profiles in the meniscus. Considering the flow
profile in the receding meniscus, Berteloot et al.4

recently predicted the existence of a stagnation zone
where the net liquid flux vanishes over a distance ld
from the triple line with ld proportional to v2. If we
assume that all of the solute up to the distance ld is
deposited on the substrate and that the solute con-
centration in that volume is uniform and equals the
bulk concentration, C(v) should decay monotonically
as v�2.4 Le Berre et al.16 and Rogowski and Darhuber17

suggest a slightly different adsorption scenario. They
consider a simple mass balance in a box surrounding
the meniscus. At steady state, the solvent flow leaving
the box by evaporation equals that entering it. Mass
conservation requires the solute's outward flux from
the film to equal the inward flux from the solution,
resulting in a v�1 scaling of C.16 The mass balance
implies that no concentrated solution flows back into
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the bulk liquid, in contrast to the Berteloot et al.

scenario, which is considered to be more appropriate
for colloidal solutions.68 In agreement with both mod-
els, we observe amonotonic decrease in C(v). However,
because of the limited number of data points and
the narrow v range explored, we cannot deduce any
scaling law for C(v) and thus corroborate one of the
suggested models.
Above vcr, in the LLD regime, the coverage starts

to increase monotonically. For small velocities
(0.17 mm/s < v < 0.25 mm/s), the dragonfly morphol-
ogy dominates. Above v ≈ 0.25 mm/s, the pattern
formation mechanisms change significantly, yielding
the striped phase.
In the following, we argue that this surprising

change results from a hydrodynamic instability in the
film coating. We discuss each of the contributing pro-
cesses separately, although in reality, they all proceed
simultaneously:
(i) Because v > vcr, a constant thickness (h) film

remains on the previously immersed part of the sub-
strate with h scaling as h � v2/3 on a flat, homo-
geneous, and completely wettable substrate.52,53

(ii) The C7 evaporation cools the liquid's surface.
The resulting temperature drop is much larger in the
meniscus and the thin film region (x > 0) than in the
liquid away from the wafer, due to the corresponding
mass ratios. Thus, a temperature gradient dT/dx devel-
ops, with the colder region at x>0. This is accompanied
by a C32 concentration gradient, dc/dx, due to eva-
poration. Since the high-surface-tension solute
(γ(C32) = 28 mN/m > γ(C7) = 20 mN/m) is enriched
at x > 0 and the surface tension increases with decreas-
ing temperature, both gradients are positive and sum
up to a positive gradient of the surface tension (dγ/dx=
∂γ/∂T � dT/dx þ ∂γ/∂c � dc/dx).
(iii) The dγ/dx implies a Marangoni surface stress,

τ = dγ/dz. This surface stress results in a liquid flow in
the direction of higher surface tension, that is, parallel
to the þx direction, opposing the viscous forces. This
phenomenology has been nicely demonstrated ex-
perimentally by Cazabat et al.69,70 Liquid piles up,
forming a ridge along y, at the advancing contact line
(see Figure 2). This “bump” is unstable and breaks up
into fingers (see Figure 6), in a manner similar to the
Rayleigh�Plateau instability, which causes a column of
fluid to break up into droplets or the formation of liquid
fingers during dewetting of thin films.71 The resulting
liquid stripes (and uncovered substrate regions) are
parallel to the withdrawal direction, an effect akin to
the famous “tears of wine”.72

As first suggested by Huppert,73 the characteristic
wavelengthΛof this fingering instability is determined
by the length of the capillary region at the advancing
liquid bulb L, where the capillary force is comparable to
the viscous andMarangoni forces. OurΛ is a fewmicro-
meters andmonotonically decreases with increasing v.

For v = 0.25, 0.5, and 1.0 mm/s, we observe Λ = 4, 2.6,
and 2.3 μm, respectively. Also, as demonstrated by
AFM (Figure 5), not only the coverage increases mono-
tonically with concentration but also Λ increases sig-
nificantly. Unfortunately, no information is available on
the velocity of the Marangoni stress induced upward
movement of the liquid bulb, which could allow us to
calculate L69,70,74 and relate it to the Λ observed.
Within the liquid stripes, cI is soon reached due to

evaporation, and thus the formation of the 2D surface-
normal C32 layer sets in. The growth is again dendritic,
and there is a competition of the purely hydrodynami-
cally dictated perpendicular stripe formation and
the dendritic growth, which is governed by the fast
2D crystallization directions, in particular, the Æ10æ or a
direction, already discussed with regard to the dragon-
fly morphology. Therefore, the stripes are preferen-
tially, but not perfectly, aligned with the withdrawal
direction and highly textured with a dominant align-
ment of the Æ10æ direction along the stripe direction as
inferred from the GIXD measurements. There is also
dendritic growth at the stripe edges (see Figure 3e and
Figure 5), which occurs in more than one direction.
Hence, the stripe formation and their crystalline tex-
tures are a rather complex interplay of crystallization
in a confined geometry and the rich non-equilibrium
physics encountered during the dip-coating process.
The prevalence of the dragonfly pattern for low velo-
cities, just above vcr, may result from a suppression of
the fingering instability due to the very small thickness
of the coating film and the corresponding strong
viscous damping or inhibition of Marangoni flows.
It is interesting to note that the 2D growth mecha-

nisms described above are effective enough to absorb
all molecules into the 2D structures. No 3D bulk crystal-
lites or multilayers were observed to form in any of
our measurements, implying that C32 concentrations
typical for the formation of such structures are never
reached.
The faster the substrate is withdrawn from solution,

the thicker is the solution film formed on the substrate.
Therefore, more molecules deposit onto the substrate.
This explains the monotonic increase in coverage for
increasing v > vcr: Given the adsorption and growth
mechanism outlined above, C(v) should scale as the
LLD prediction for the film thickness, h � v2/3. We
indeed find C(v) � v0.60(0.05 (see red line in Figure 7),
in good agreement with this prediction.
Finally, our surface coverage saturates at v > 1mm/s

(Figure 7). This behavior is expected because gravity
eventually limits the film thickness.15

SUMMARY AND CONCLUSIONS

We have presented an experimental study of the
micro- and mesoscopic structure of thin films of C32
on native oxide layers of silicon surfaces prepared by
dip-coating. Electron micrographs reveal two distinct
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coating morphologies as a function of substrate
withdrawal speed v. For small v, we observe dragonfly-
shaped molecular islands. For larger v, we observe
stripes aligned parallel to the withdrawal direction and
extending over hundreds of micrometers with a well-
defined separation of a fewmicrometers. GIXD andAFM
indicate that both thedragonflies and the stripes consist
of a monolayer of fully extended, surface-normal-
aligned alkane molecules. The coverage and quality
of the stripe pattern increase significantly with the
solution's C32 concentration for a fixed v ≈ 1 mm/s.
The two v regimes are identified as an evaporation

regime at low v, where the solution meniscus remains
at the bulk's surface, and a Landau�Levich�Deryaguin
entrainment regime at high v, where it is drawn
upward with the substrate. The transition between
the two regimes occurs at a critical vcr ≈ 0.15 mm/s.
The different morphology films observed in the two
regimes both consist of single crystals. In the evapora-
tion regime, their dragonfly-shaped habit is explained
by a scenario of dendritic growth based on sequential
molecule attachment to preferred sites in the growing
crystal nucleus. In the entrainment regime, the

well-defined stripe texture is traced to a Marangoni
flow-driven hydrodynamic instability in the evaporat-
ing films, akin to the tears of wine phenomenology.
In general, our study highlights the principal versa-

tility of dip-coating processes to achieve structural
control over several orders of magnitude in length
scales (from themicroscopic to themacroscopic length
scales) and thus its suitability to prepare large-scale,
hierarchically-arranged surface patterns. A more de-
tailed experimental investigation of the initial phases
of the stripe formation and a more appropriate theo-
retical description of this complex phenomenology
would be desirable.
Finally, we would like to emphasize the robustness

of the pattern formation processes studied here
against possible variations of the experimental condi-
tions, in particular, the substrate withdrawal kinetics.
High-quality, homogeneous, and large-scale stripe
patterns could be produced by manually withdrawing
the wafers from the bulk solution, which renders
the procedures documented particularly suitable
for nanopatterning of surfaces with hydrocarbons on
laboratory and perhaps also on industrial scales.

EXPERIMENTAL SECTION
Si(100) wafers (Virginia Semiconductor, Inc.), 0.4 mm thick

and terminated by a ∼ 15 Å thick native surface oxide layer,
were used as substrates. They were cleaned by immersion in a
Piranha solution (70% H2SO4 þ 30% H2O2) at 90 �C for 30 min.
This treatment does not affect the oxide layer75 and yielded
reproducible, clean, and hydrophilic surfaces.
All dip-coating solutions for the v-dependent SEM measure-

ments were prepared by sonicating 16 mg of C32 (Aldrich, 99%
purity) in 20 mL of n-heptane for 15min, yielding a 1.81 mmol/L
solution. For the GIXD measurements, a slightly higher concen-
tration, 2.06 mmol/L, was used. As these are well below the
24.7 mmol/L solubility76 of C32 at 20 �C, full C32 dissolution is
implied. Specifically, no visible light scattering typical of the
formation of C32 clusters larger than 0.1 μmhas been observed
during the measurements and storage time (>1 week). To
deposit the C32 film, the substrate was fully immersed in the
solution, then withdrawn at a constant speed v, as shown in
Figure 2. Withdrawal velocities were controlled in the range
of 0.007 mm/s j v j 1.7 mm/s by a micrometer, turned by a
stepper motor.
Coverage C and morphology of the samples were measured

by scanning electron microscopy (operated in high vacuum
at 25 kV) immediately following sample preparation. AFM
measurements were performed with a Nanoscope IIIa (Veeco
Instruments Inc.) operating in the tapping mode. Commercial
ultrasharp rectangular silicon cantilevers were used. Their nom-
inal spring constant was ∼0.35 N/m, and the resonance fre-
quency was∼33 kHz. We recorded AFM topographic and phase
images simultaneously for several concentrations from 1.81 to
2.17 mmol/L.
GIXD measurements were performed at the Advanced

Photon Source (Materials Science Beamline 6-ID-B) at the
Argonne National Laboratory using a synchrotron X-ray
beam with a wavelength of 0.7653 Å. The incident angle
R was 0.1�. An image plate detector (MAR345 with resolution
of 0.150 mm/pixel) was used to record the 2D diffraction
patterns. The horizontal GIXD curves were extracted and aver-
aged vertically for 10 pixels above the strong surface enhance-
ment peak.

Note that the AFM and GIXD samples were coated by
manually withdrawing the silicon wafers from the solutions
at v ≈ 1 mm/s. The samples were kept in a dry nitrogen gas
atmosphere during the AFM andGIXDmeasurements to protect
them from contamination.
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