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Deviation from a perfect 2D-hexagonal (p6m) structure, for CTAB-silica mesostructured films
prepared by adding different amounts of excess ethanol to a solution of CTAB and TEOS just before
spin coating on OH- and H-terminated Si substrates, is observed from combined X-ray reflectivity and
grazing incidence small angle X-ray scattering measurements. Such a deviation can be well understood
in terms of the shape and ordering of the micelles, with or without the silica coating layer’s
contribution, inside the film. For example, cylindrical shaped micelles, which are initially circular on
a hydrophilic OH-terminated Si substrate in order to form a perfect 2D-hexagonal structure, become
elliptical (extended along the in-plane) on a hydrophobic H-terminated Si substrate to form a slightly
compressed 2D-hexagonal structure due to a different attachment of the film to the substrate. With
time, due to the drying of the silica materials and its restricted movement along the in-plane direction,
the films on both the substrates are compressed along the out-of-plane direction only, to form observed
centered rectangular (c2mm) structures. Also, due to the asymmetric shrinkage, stress is developed,
which deteriorates the ordering in the film. The final shape of the micelles, including the silica coating
layer’s contribution, shows maximum and minimum deviations from the circular shape inside the thick
film on a OH-Si substrate and the thin film on a H-Si substrate, respectively. The deviation in the shape
of the micelles itself, which is of actual importance, seems to be maximum and minimum inside the thick
film on a H-Si substrate and the thin film on a OH-Si substrate, respectively, and is essentially
determined by the substrate nature and initial silica wall thickness.

1. Introduction

evaporation of the solvent, which produces lamellar, two-

Surfactant-templated mesostructured silica materials, discovered
by Mobil researchers in 1992, are the subject of intense research
due to their potential applications as membranes, low dielectric
constant insulators (so-called low k-materials), sensors and
optoelectronic devices efc. In many applications, such mate-
rials are often required to be in the form of thin films, which can
be grown by a procedure called evaporation-induced self-
assembly (EISA).? The process begins with a homogeneous
solution of surfactant, soluble silica, alcohol and water in acidic
conditions to minimize the siloxane condensation. The concen-
tration of surfactant in the solution is kept above the critical
micelle concentration (cmc) to form aggregates (called micelles)
of different shapes such as, spheres, cylinders and layers etc.
During film deposition by dip-coating or spin-coating, self-
assembly and further organization of micelles takes place by
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dimensional (2D) hexagonal (p6m), three-dimensional (3D)
hexagonal (P6s—mmc), or cubic (Pm3n) mesostructures.®® The
structures of the micelles depends on the solution conditions and
in many cases can be rationalized by considering intermolecular
forces.'®! Apart from the surfactant : silica ratio, other param-
eters like the aging of the initial silica sol after the hydrolysis,
relative humidity of the environment, nature of the silicon
alkoxide and temperature of the solution etc. are important to
control the nature of the silica mesophase and the quality of the
organization in films.'>**

The normal self-assembly process of the surfactant molecules
at an interface can be different from that in the bulk solution
because it is perturbed by competing surfactant—surface and
solvent—surface interactions, which can lead to different struc-
tures. The adsorption of surfactant molecules on solid surfaces in
aqueous solutions has attracted much attention in the field of
colloid and surface chemistry because of its interesting physical
and chemical properties. Recently, adsorbed surfactants at
different solid-liquid interfaces have been widely studied mainly
using atomic force microscopy to obtain direct images of surface
aggregates at the interface between solid substrates and aqueous
solutions.’>*' These studies suggest the strong role of substrate
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surface conditions, apart from concentration of the surfactant, in
structure formation through different attachments. The
substrate surface condition can be modified through termination
of the surface with an OH or H group, which essentially modifies
the surface free energy, polar-nonpolar (hydrophilic-hydro-
phobic) or electrostatic nature of the surface.?>*® However, not
much systematic work has been carried out to understand the
role of such substrate surface conditions on the initial attachment
of silica coated surfactant molecules, which can not only control
the initial mesostructure of the film,?® but also the final meso-
structure through subsequent drying. Moreover, understanding
the role of alcohol on those structures and their control is very
important, as it is known that alcohol can act as a cosolvent or
cosurfactant and can modify the mesostructure accordingly.®°

In order to understand these issues, mesostructured films
(by selecting fixed ratio of surfactant and silica) were prepared
after adding different amounts of excess alcohol before spin
coating on OH- and H-terminated Si substrates and they were
then characterized using complementary X-ray reflectivity
(XR)*26:28:3132 and grazing incidence small angle X-ray scat-
tering (GISAXS)***3® techniques. Formation of compressed
2D-hexagonal or centered rectangular (c2mm) mesostructures
(as shown schematically in Fig. 1) with disorder by deviating
from a perfect 2D-hexagonal structure (for which dy; = d,, 1, =
ryand ¢/b = V/3), are observed. The possible role of substrate
surface, excess alcohol and drying on such structural deforma-
tion, are discussed.

2. Experiment
2.1 Preparation

A silica—surfactant solution was prepared using tetraethyl
orthosilicate [TEOS, Si(OC,H5),4, Sigma Aldrich, 99.999%] as the
silica source, cetyltrimethylammonium bromide [CTAB,
C16H33N(CH;);Br, Fluka, =99%)] as the structure directing
surfactant agent, ethanol [C,HsOH, Merck, absolute] and Milli-
Q water (resistivity 18.2 MQ cm™") as the common solvent and
hydrochloric acid [HCl, Merck, 35%] as the catalyst. The
precursor solution was prepared in two steps. In the first step,
a silica solution was prepared by hydrolysis and condensation of
TEOS in acidic conditions. For this step, the silica solution was

Fig. 1 Schematic of the compressed 2D-hexagonal i.e. centered rectan-
gular (¢2mm) mesostructure with unit cell parameters (b and c), lattice
spacings (dyp, and d), the Wigner-Seitz cell (yellow dashed lines) and
corresponding ellipse (white curve) with semi-major (7)) and semi-minor
(ry) axis.

prepared in the molar ratio of TEOS:C,HsOH:H,0 =
1:4.5:1 and finally the required amount of HCI was added to
the solution to keep the pH = 1. The solution was then stirred
for 1 h at room temperature. In parallel, a second solution was
prepared by dissolving CTAB in ethanol and water (in the molar
ratio of CTAB: C,HsOH : HO = 1:82:24). In the second
step, the second solution was added to the first one to get the final
solution in the molar ratio of TEOS : CTAB : C,Hs;OH : H,O =
1:0.19: 20 : 5.5, which was then stirred for another 1 h and aged
for 2 h. Different diluted solutions were then prepared by adding
excess ethanol (of amount ¢ = 15, 20, 30 and 35 cm?®) to the stock
solution (of amount about 9 cm?®) to see the effect of alcohol on
the mesostructure.

Hydrophilic and hydrophobic Si(001) substrates (of size
15 x 15 mm?) were prepared through different pre-treatment, as
reported before.?® In short, one set of substrates was treated with
the RCA cleaning method, where the substrates were boiled at
100 °C for about 15 min in a mixed solution of ammonium
hydroxide [NH4OH, Merck, 30%], hydrogen peroxide
[H>0,, Merck, 30%] and Milli-Q water (NH4OH : H,O, : H,O =
1:1:5, by volume). The substrates were then rinsed thoroughly
with Milli-Q water. A fresh oxide layer, which is terminated with
an OH group, was grown on the Si surface after removing the
native oxide layer by such a treatment. The OH-terminated
Si substrate (labeled as OH-Si) is hydrophilic in nature. Another
set of substrates was etched with a solution of hydrogen fluoride
[HF, Merck, 10%] for about 30 s at room temperature (25 °C) to
passivate the Si surface with H after removing the native oxide
layer. Such a H-terminated Si substrate (labeled as H-Si) is
hydrophobic in nature.

Films were then prepared (at temperature: 25-30 °C and
relative humidity: 70-75%) using a spin-coater (EC101, Headway
Research) at a speed of 4000 rpm. The films prepared from
differently diluted (stock and 15, 20, 30 and 35 cm? excess ethanol
added) solutions on hydrophilic OH-Si substrates, are labeled as
OH(0), OH(15), OH(20), OH(30) and OH(35), and on hydro-
phobic H-Si substrates (within 5 min after treatment), are
labeled as H(0), H(15), H(20), H(30) and H(35). Samples were
then preserved at the X-ray laboratory, where temperature and
relative humidity were maintained at ~25 °C and ~40%,
respectively.

Scattered beam
Incident beam

Detector

Fig. 2 Schematic of the scattering geometry used to perform X-ray
measurements.
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2.2 Characterization

The scattering geometry used for the characterization of samples
is shown schematically in Fig. 2. The surface of the sample is in
the x—y plane and the incident X-ray beam (of wavelength 2) is in
the x—z plane. o is the incident angle with the x—y plane and  and
¢ are the exit angles with the x—y and x—z planes, respectively. In
this reflection geometry, the components of the wave vector
transfer, 4 (¢, 4,, ¢-), are g, = (21/A)(cos B cos ¢ — cos ), g, =
(27t/2)(cos B sin @) and ¢. = (27t/A)(sin B + sin a).

XR measurements were performed on a versatile X-ray
diffractometer (VXRD) setup®® as a function of time (the first
measurement of each sample was carried out after 15 h from
preparation) to see the effect of drying on the structure of the
film. VXRD consists of a diffractometer (D8 Discover, Bruker
AXS) with Cu source (sealed tube) followed by a Gobel mirror to
select and enhance Cu-Ka radiation (A = 1.54 A). The diffrac-
tometer has a two-circle goniometer [f(w) — 26] with a quarter-
circle Eulerian cradle as the sample stage. The latter has two
circular (¢ and ¢) and three translational (X, Y, and Z) motions.
The scattered beam was detected using a Nal scintillation (point)
detector. Data were taken in the specular condition, ie. for
¢ = 0 and o = B = 4. Under such conditions there exists
a nonvanishing wave vector component, ¢., which is equal to
(47t/2) sin @ with a resolution of 0.003 A~'. On the other hand,
GISAXS measurements of the dried films were performed using
a synchrotron source (SAXS beam line, Elettra) at energy
8 keV.*° The scattered beam was detected using a 30 cm diameter
(2000 x 2000 pixel) image plate detector (mar300, Marresearch
GmbH), by placing it about 90 cm apart from the sample. For
data collection, o was kept (0.5-0.6°) slightly greater than the
critical angle, o, of the sample. The direct beam was stopped and
the specular reflected beam was attenuated to avoid the satura-
tion of the detector.

It is known that XR provides an electron-density profile
(EDP), ie., in-plane (x—y) average electron density (p) as
a function of depth (z) in high resolution,?® from which one can
estimate the total film thickness (7), the average porosity, the
film—substrate interface and the value of dy, (or ¢), while
GISAXS provides both out-of-plane and in-plane structures®*®
i.e., the value of dy, and d,, from which one can extract the value
of c and b, related to the centered rectangular unit cell parameters
and also r; and r;, related to the ellipse of the corresponding
Wigner—Seitz cell (see Fig. 1). The ratio of r; and r, can provide
the information about the deviation from perfect 2D-hexagonal
structure.

3. Results and discussion
3.1 XR: Interface and out-of-plane structures

XR data of OH(0) and H(0) CTAB-silica films measured initially
(after 15 h) and finally (after 2 months) are shown in Fig. 3. The
presence of a pseudo Bragg peak (around ¢. = 0.2 A") with
a slightly varying position (see insets of Fig. 3) is evident in each
curve. Also, the nature of the reflectivity profile (or fall of
intensity), after the Bragg peak, is not the same. For the OH(0)
film, the fall is sharp followed by a small dip, while for the H(0)
film, the fall is more gradual. The absence of any Kiessig fringes
in the curves indicates that the films are quite thick, while the
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Fig. 3 XR data of CTAB-silica mesostructured thick films on differ-
ently-terminated Si substrates, measured initially (after 15 h) and finally
(after 2 months) (curves are shifted vertically for clarity). Insets: magni-
fied view of corresponding first order (02) Bragg peak to have a better
idea about their position and intensity.

presence of a pseudo Bragg peak indicates the existence of
a repeating layer structure in the film. Such repeating layers arise
from the periodic arrangement of the cylindrical micelles in the
polymeric silica matrix to form a 2D-hexagonal structure, which
corresponds to the (02) Bragg peak of the equivalent rectangular
unit cell (see Fig. 1). The second order Bragg peaks, which are
present in the initially-measured films, are almost absent in the
finally-measured or dried films. Also, the intensity of the first
Bragg peak decreases considerably for the dried films, which
indicates that the ordering in the structure of the films deterio-
rates with time. Values of d (i.e. dy,), obtained from the (02)
Bragg peaks, are tabulated in Table 1. The decrease in the values

Table 1 Parameters, such as the separation (d) corresponding to the first
order (02) Bragg peaks and its shrinkage (Ad) with time, the total film
thickness (D) and the number of repetitive layers (V) for the films on
differently-terminated Si substrates as obtained from XR data.
Subscripts i and f represent parameters corresponding to the initial and
final time of measurements, respectively

Sample d;(nm) df (nm) Ad(nm) D;(nm) Dy(nm) N
OH(0) 3.71 291 0.80

H(0) 3.52 2.89 0.63

OH(15) 3.04 55 17
H(15) 3.20 58 17
OH(20) 3.13 49 15
H(20) 3.19 55 16
OH(30) 3.13 39 11
H(30) 3.19 41 11
OH(35) 3.82 3.16 0.66 38 33 9
H(35) 3.74 3.40 0.34 38 35 9
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of d with time is clearly evident, which is related to the drying.
However, such a decrease is different for films on differently-
terminated substrates and is more for the OH(0) sample, where
the initial value of d was large. This suggests that although
a 2D-hexagonal structure is formed on both terminated surfaces,
the size, shape or separation of the micelles is probably not the
same. To predict further from the XR data, extraction of EDP is
necessary, which is possible for thin films, as discussed next.

XR data of OH(35) and H(35) CTAB-silica films measured
initially (after 15 h) and finally (after 2 months) are shown in
Fig. 4. Unlike thick films, Kiessig fringes are present in the curves
indicating the low thickness of the films. Well resolved first and
second order (02) Bragg peaks are observed in all the curves. The
intensity of both the peaks decreases for the dried films. This
indicates that the ordering in the structure of such thin films
deteriorates with time, however, the ordering is better compared
to the thick films. The values of d, obtained from the (02) Bragg
peak positions, are tabulated in Table 1. It is clear from the table
that for the thin films the value of d decreases with time and such
a decrease is less for the film on the H-Si substrate, similar to that
observed for the thick films. However, the values of d obtained
for the thin films are more compared to those of the thick films
and the change in the values of d, due to drying, for both the thin
films is much less compared to that for the thick films.

To get further information about the thin films, EDPs have
been extracted by analyzing the XR profiles using Parratt’s
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Fig. 4 XR data (different symbols) and analyzed curves (solid line) of
CTAB-silica mesostructured thin films on differently-terminated Si
substrates, measured initially (after 15 h) and finally (after 2 months)
(curves are shifted vertically for clarity). The position and movement of
the first order (02) Bragg peak are indicated by the dashed line. Insets:
corresponding EDPs, showing possible structures of the films on different
surfaces with different film-substrate layers (between solid and dashed
straight lines).

formalism.** For the analysis, a model of oscillatory electron
density profile, arising from periodic repetitions of two stacked
layers with roughness at each interface, is considered. One layer
is made of cylindrical surfactant aggregates plus a silica wall,
having an averaged electron density p;, a thickness #; and
a roughness o;. Another layer is made of silica only, with an
electron density p,, a thickness 7, and a roughness o,. Depending
upon the substrate nature the initial attachment may be different,
which is also considered in the model. The best fit XR profiles of
the films on two differently-terminated substrates along with the
corresponding EDPs thus obtained are shown in Fig. 4.

The EDPs near the film—substrate interface for two films are
quite different. For the OH(35) film, after the substrate there is
an intermediate plateau region followed by a dip, while for the
H(35) film a sharp dip after the substrate is evident. The width of
the dip is again different. The plateau and dip regions correspond
to silica and micellar layers, respectively. Such a silica layer is
arising partially from the oxidation of Si substrate after RCA
treatment and partially from the coating of micelles. The absence
of a silica layer on the H-Si substrate indicates direct attachment
of micelles on it. Such attachment is vie a hemicylindrical
micellar layer as the small width of the dip suggests. It is neces-
sary to mention that the different nature in the fall of intensity
after the Bragg peaks on differently-terminated substrates is
related to these different types of attachment.

The EDPs (Fig. 4) show that after the initial film—substrate
layer (of thickness df), both the films consist of N number of
repetitive cylindrical micellar layers, where the top silica layer
has extra thickness (d,). The repetitive layers are uniformly
spaced throughout the film with an average separation d. The
values of N and the total film thickness (D = di + N x d + dy)
are enlisted in Table 1 along with the values of d. For the films
measured initially, the value of d on the OH-Si substrate is
larger than that on the H-Si substrate, which may be related to
the shape of the micelles. It is expected that due to the different
attachment of the film with the substrate, the spherical shape of
micelles on a hydrophilic substrate may become elliptical (with
large in-plane size and small out-of-plane size) on a hydro-
phobic substrate. Furthermore, it is observed from the EDPs
that the ordering of micelles on the H-Si substrate is nearly
uniform, while on the OH-Si substrate, it is better towards the
top. With time the separation decreases and the ordering dete-
riorates for both the films. The deterioration in the ordering
with time is likely to be related to the stress developed due to
asymmetric shrinkage of the film, namely shrinkage only
allowed along the z-axis but not in the x—y plane. The decrease
in separation, which is mainly related to the drying of the silica
materials, not only decreases the silica wall thickness but also
the size of the micelles along out-of-plane direction, as is evident
from the EDPs. The decrease is however more on the OH-Si
substrate, suggesting a definite role of the initial shape of the
micelles. The asymmetric shrinkage, which tries to make the
shape of the micelles elliptical (by compressing along out-of-
plane direction), is likely to have more of an effect if the initial
shape is spherical rather than elliptical. The value of N is found
to be same (9) for both the films. However, the value of D for
both the samples, which was similar at the time of initial
measurements, finally becomes different due to the different
change in the value of d with time.

This journal is © The Royal Society of Chemistry 2012

Soft Matter, 2012, 8, 2956-2964 | 2959



In order to understand any systematic influence of excess
alcohol on the structure of the films on both the substrates, XR
curves for the dried films of different alcohol content (thus of
different thickness) on hydrophilic (OH-Si) and hydrophobic
(H-Si) substrates are shown in Fig. 5 and Fig. 6, respectively. The
shift of the (02) Bragg peak towards the lower ¢. value with an
increase of excess ethanol in the solution is observed. The value
of d; obtained from the peak position and the value of Dy
obtained from the Kiessig fringes (for the films grown on OH-Si
substrates, initial silica layer thickness was also included) are
listed in Table 1, which indicate the increase in the value of drand
the decrease in the value of Dy with the increase of excess alcohol
in the solution. From the value of Dy it is possible to find out the
value of IV, which is also listed in Table 1. The addition of alcohol
in the solution just before deposition is to dilute the solution,
hence to decrease the viscosity, which is observed in the value of
Dy, but not in the value of d;. The increase in the value of dy,
which is related to the micelle size and the silica coating thick-
ness, apparently suggests that the increase in the micelle size is
large compared to the decrease of the silica wall thickness.

3.2 GISAXS: In-plane and out-of-plane structures

So far, we have discussed XR results, which essentially provide
the information about the out-of-plane separation between the
micelles in the films and the attachments of the films with the
substrates. Such information allows us to predict possible
structures of the films and the role of different parameters, such
as the hydrophobic-hydrophilic nature of substrate, the cosol-
vent—cosurfactant nature of alcohol or the stress effect of drying,
on the structure formation. However, to ascertain the prediction,
structural information along both (out-of-plane and in-plane)
directions, which can be obtained from GISAXS results, is very
important and will be discussed now. GISAXS patterns of the
dried CTAB-silica mesostructured films of different thickness on
differently-terminated Si substrates are shown in Fig. 7. (02) and
(11) Bragg spots, signatures of a compressed 2D-hexagonal
structure, are evident in all the patterns. In-plane (b) and out-of-
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Fig.5 XR data of CTAB templated mesostructured dried silica films of
different thickness deposited on OH-terminated hydrophilic Si
substrates. Curves are shifted vertically for clarity.
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Fig. 6 XR data of CTAB templated mesostructured dried silica films of
different thickness deposited on H-terminated hydrophobic Si substrates.
Curves are shifted vertically for clarity.
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Fig. 7 GISAXS pattern of the CTAB templated dried silica films of
different thickness on hydrophilic and hydrophobic Si substrates,
showing (11) and (02) peaks of the compressed 2D-hexagonal structure,
semi-elliptical ring (dashed line) used for the estimation of the ratio (r/ry)
and also the specular peak and Yoneda wing (indicated by arrows).
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plane (cg) structural parameters for all the dried films, extracted
from GISAXS spots are listed in Table 2 and plotted as a func-
tion of excess alcohol (¢) in Fig. 8(a). It is necessary to mention
that the value of ¢; obtained from the GISAXS measurements is
consistent with that of ¢ (= 2dp) obtained from the XR
measurements (Table 1). A specular peak and Yoneda wing are
also observed in the GISAXS patterns, which correspond to the
incident angle () and the critical angle (o), respectively.

Fig. 8(a) shows that the value of b decreases (however small),
unlike ¢f, with excess-alcohol content. This is in contradiction
with the prediction that the increase in the size of micelles is
larger than the decrease in the silica coating thickness. To
understand the actual situation, we have investigated the ratio of
semi-major and semi-minor axis (r/r,) of the ellipse,** as defined
in Fig. 1. The values of (r/ry), estimated from \/§/ (ce/b), are
listed in Table 2. These values agree well with the values
estimated from the semi-elliptical ring** as indicated in Fig. 7.
The variation of (r/ry)¢ with ¢ is shown in Fig. 8(b). Also, to
understand the effect of drying, the value of ¢; (= 2d;) for the
thick and thin films obtained from the initial XR measurements
and the corresponding ratio (r/r);, considering b remains
unchanged with time, are listed in Table 2 and also included in
Fig. 8. It is clear from Fig. 8 that the shape of the silica layer
coated micelles in the films changes with the addition of excess
alcohol in the solution, even in the initial stages of measurements.
However, the change (~0.1) is small compared to the dried films
(>0.2). With time the change in the value of r/r, for the films on
OH-Si is more compared to that on H-Si. Correspondingly, the
value of (r//ry); for the films on H-Si is slightly larger than that on
OH-Si, while the value of (r/r,); are reversed.

The variation of different parameters, plotted in Fig. 8, can be
expressed quantitatively using standard exponential dependence.
First consider the size (2R) of circular micelles. Presuming no
drastic change in the shape of the micelles in our experimental
alcohol domain, the variation of 2R with excess alcohol (¢) can
be written as:

2R($) = 2Ry + 2AR(1 — e 9 (1)

where 2R is the size corresponding to the stock solution, 2AR is
related to the change in size and @ is related to the critical

Table 2 In-plane (b) and out-of-plane (c¢) unit cell parameters of the
compressed 2D-hexagonal structure, the ratio of semi-major and semi-
minor axis (r/r,) corresponding to the equivalent ellipse and estimated as-
prepared film thickness (Dy) for the different films on differently-termi-
nated Si substrates. Subscripts i and f represent parameters correspond-
ing to the initial and final time of measurements, respectively

Sample b (nm) ¢; (nm) ¢r (nm) (riry); (riryds Do (nm)
OH(0) 5.42 7.42 5.80 1.26 1.62

H(0) 5.38 7.04 5.80 1.32 1.61
OH(15) 5.23 6.12 1.48 80
H(15) 5.19 6.44 1.40 72
OH(20) 5.17 6.20 1.44 70
H(20) 5.19 6.40 1.40 68
OH(30) 5.16 6.32 1.41 52
H(30) 5.16 6.36 1.41 47
OH(35) 5.19 7.64 6.30 1.18 1.43 43
H(395) 5.19 7.28 6.82 1.24 1.32 39
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Fig. 8 Influence of excess alcohol (¢) on (a) the in-plane (b) and out-of-
plane (¢) unit cell parameters of the compressed 2D-hexagonal structure,
(b) the ratio of semi-major and semi-minor axis (r/r) of corresponding
ellipse and (c) the film thickness (D) for the different films on hydrophilic
and hydrophobic Si substrates. Dashed lines through the data points in
(a) and (b) are the analyzed curves and in (c) are the straight lines.
Subscripts 0, i and f represent parameters corresponding to the as-
prepared time and to the initial and final time of measurements,
respectively.

amount of the excess alcohol. Second consider the in-plane
separation (b), the value of which is a sum of the size of a micelle
(2R) and the thickness of the silica wall. Due to the attachment of
the film with the substrate, there should not be any in-plane
movement of materials in the film with time (z), hence b should be
independent of ¢. The variation or decrease of b with excess
alcohol, as observed experimentally, can be expressed as:

b(¢) = by — Ab(1 — &™) (@)

where by is the in-plane separation corresponding to the stock
solution, Ab is the change in separation, which is related to the
combined change in the size and in the silica wall thickness. Third
consider the ratio r/r, (or 2r/2r,). The in-plane size, 2r, is nothing
but b, which is a function of ¢, but independent of both 7 and
nature of the substrate, while the out-of-plane size, 2r, depends
on all three parameters (¢, ¢ and nature of the substrate). The
decrease of 2ry, initially on hydrophobic substrate, is due to the
change in the shape of micelles from circular to elliptical, while
with time, is essentially due to contraction of silica materials,
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which also changes the shape of the micelles. The contraction of
silica materials depends on the silica wall thickness and initial
shape of micelles. Considering all these aspects, variation of r/r,
can be expressed as:

1b(9) — A[b(¢) — 2R(¢) /1] (1 — e™)7)
b($)

iZR((p) _ —t/1

7 b<¢>}(l )

where f = 1 is a substrate nature dependent term, which takes
into account the different initial shape of the micelles in the film.
For a circular shape, f = 1; while for an in-plane elongated
elliptical shape, /' < 1. The second term essentially takes into
account the change with time, where A and t are the critical decay
constant and time, respectively. Such change is also related to the
silica wall thickness and the initial shape of the micelles, which
have been taken care of by the square bracket term. Note that for
t=0,rlry=1/fand for f= 1, rfr, = 1.

Eqn (1 to 3) have been used to simulate the variation of b, ¢
and r/r,. For the simulation, a set of values for different
parameters (other than that for f) is used for all the samples. First
the variation of b has been fitted using eqn (2). The fitted profile is
shown in Fig. 8 and the value of the parameters (®, b, and Ab)
are listed in Table 3. Next, the variation of r/ry and
¢ [=V/3b/(r;/r,)] have been simulated using eqn (1 to 3). For the
simulation we have fixed the value of 2Ry, = 3 nm, which we
obtained by preparing a film containing micelles only (see
supplementary informationt). The analyzed profiles are shown
in Fig. 8 and the parameters obtained from the analysis are listed
in Table 3, which are useful to predict the evolution of the
structure of the film, as discussed in the next section. Further-
more, the film thickness at the time of preparation (i.e. = 0) can
also be estimated considering Dy = f(ds + d; + v/3bN/2) and
using d, + d; = 3 nm (as obtained for the thin film) and the
values of N, b and f, as listed in Tables 1 to 3. The value of D,
thus obtained are listed in Table 2. Such a value of D, along with
the value of Dy are plotted in Fig. 8(c), which show an almost
linear decrease with excess alcohol. However, the value of D and
its change with excess alcohol for the films on OH-Si are initially
(i.e. t = 0) large, but finally become small compared to those for
the films on H-Si.

ry
o (1) =
(3)

:f—AP—

3.3 Formation mechanism

The evolution of the structures on OH-Si and H-Si substrates
are shown schematically in Fig. 9. Before elaboration of such
model structures, let us first discuss the general formation
mechanism of the silica—surfactant mesostructure. Above cmc,
surfactants aggregate and form micelles. It is formed by a process
of force balance in which no strong covalent bonding is

involved.’?*#3 The initial shape of such micelle is mostly
spherical, which can be transformed to another shape depending
upon the solution conditions. It is known that in the acid
synthesis route, the mesostructured silica is formed by a weak
electrostatic interaction between the cationic surfactant head
group (S*) and the positively charged silica oligomer (I*), medi-
ated by a counterion (X).**+* Hence the initial micelle formation
is fast but the silica condensation is slow. The surfactants first
adsorb the counterions to form the S*X ™~ micelles, while in acidic
solution, the hydrolysis and protonation of TEOS first generates
the positively charged silica species as =SiOH," (denoted as I*).
In the mixed solution, the condensation reaction of I* occurs on
the counterion-adsorbed micelle surface (S*X1") and once
enough silica condensation has occured to form long polysilicate
chains, then those chains act as bridges between micelles (having
the hydrophobic tail part inside and the hydrophilic head group
outside) to form the mesostructure. The final shape of micelles
and their arrangement in the film, however, depend on the
solution conditions. The concentration of CTAB, CTAB : TEOS
ratio, pH and temperature efc. chosen for the present experiment
are such that they lead to the formation of cylindrical micelles in
a 2D-hexagonal structure.**’

It is known that the OH-Si substrate is hydrophilic, while the
H-Si substrate is hydrophobic in nature, which can be easily
verified from the wetting or dewetting properties of the water
with the surface by the naked eye, apart from contact angle
measurements.*® Such different nature of the substrates will exert
different forces on the silica coated aggregates. Accordingly, the
initial attachment of the film on the hydrophilic substrate is via
silica coated cylindrical structured micelles, while that on the
hydrophobic substrate is via hemicylindrical structured micelles.
As the OH-Si surface is hydrophilic and anionic in nature, they
can attract the positively charged silica coated micelles (S*X 1)
by electrostatic interaction to lower the free energy of the system.
As a result, a silica buffer layer is found on the Si substrates and
above it there are cylindrical micelles (as shown schematically in
Fig. 9). On the other hand, the H-Si substrate, due to its
hydrophobic nature, can not form hydrogen bonds with water,
rather it tries to cover-up with the surfactant hydrophobic tails to
reduce the water exposer on it and also the free energy of the
system. The best possible reduction for such a silica coated
micellar system is however possible by formation of hemi-
cylindrical micelles with reduced curvature on the substrate (as
shown schematically in Fig. 9).

The cylindrical micelles are then stacked above the first
micellar layer, the shape of which is strongly influenced by the
curvature of the micelles in the first layer. For the as-prepared
films, the near circular micelles on the OH-Si substrate with
rirg = 1 become elliptical on the H-Si substrate with r/ry = 1.1
(as shown schematically in Fig. 9 for r = 0 and ¢ = 0). Next,
when excess alcohol is added to the solution just before

Table 3 Different parameters used for the simulation of the size, shape and separation of the micelles in the films on the two differently-terminated Si

substrates

Substrate ® (cm’) by (nm) Ab (nm) 2R, (nm) A2R (nm) 7 (h) A f
OH-Si 15 5.4 0.25 3.0 0.45 20 0.85 1.0
H-Si 15 5.4 0.25 3.0 0.45 20 0.85 0.9
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Fig.9 Model cross-sectional views of the CTAB-silica mesostructures just after deposition (¢ = 0) and in the initial (¢ = 15 h) and final (¢ > 2 months)
stages of measurements for the thick (¢ = 0) and thin (¢ = 35 cm®) films on OH-Si and H-Si substrates as predicted from XR and GISAXS results,
showing the effects of substrate, alcohol and time (drying) on the r/r; value, on the attachment of the films on the substrates, and on the size, separation

and shape of the micelles in the films.

deposition, it acts as both cosolvent and cosurfactant. As
a cosolvent it dilutes the solution, which decreases the repetition
number and the silica coating layer thickness, while as cosur-
factant it resides on the outer boundaries of the micelles, which
increases the effective head group area of the surfactant mole-
cule® and hence the size of the micelles (from ~3.0 to 3.45 nm,
obtained from 2Ry and 2A R values). Combination of the coating
layer thickness and the micelles size, decreases the overall sepa-
ration, which showed up in the value of 4 (from ~5.40 to
5.15 nm, obtained from by and Ab, values) only, but not in r/r,
(as shown schematically in Fig. 9 for # = 0 and ¢ = 35 cm?).
Further, with the addition of excess alcohol the silica coating
thickness decreases from ~2.4 to 1.7 nm, which is shown up on
the hydrophilic substrate. On the hydrophobic substrate, the
micelles become elongated (with size 2R/f?) along the in-plane
direction. So, on such a substrate, the in-plane size of the micelles
changes from ~3.7 to 4.25 nm with addition of excess alcohol
and the corresponding in-plane silica wall thickness changes
from ~1.7 to 0.9 nm.

The structures of the films, that we discussed so far, are formed
just after deposition, that is due to the fast evaporation of solvent
while spin coating. Such structures further modified with time, as
presented in Fig. 9 for the initial and final stages of measurements
and can be visualized as follows. With time, the thickness of the
coated silica layer decreases due to the drying effect. Such
a decrease is only allowed in the out-of-plane direction but not in
the in-plane direction (due to the attachment of the film with the
substrate). This also decreases the size of the micelles and the
separation between them along the out-of-plane direction, which
in turn changes the shape of the micelles by squeezing them along
the out-of-plane direction and the value of r/r,, respectively. It is
necessary to mention that the value of the silica coated layer
thickness (b—2R), which seems to be quite large (~2.4 to 1.7 nm)
initially becomes quite reasonable (~1.5 to 1.2 nm) with time due
to drying, as obtained from out-of-plane information. The
change in the r/ry value seems to depend on the initial in-plane

silica wall thickness. If such thickness is large (which is for
the films prepared with ¢ = 0) then the change is large, while
if thickness is small (which is for the films prepared with
¢ = 35 cm?®) then the change is also small. Considering the
different initial shape of the micelles on the OH-Si and H-Si
substrates, the largest initial silica wall thickness (~2.4 nm) is
estimated for the thick film on the OH-Si substrate and the
corresponding change in the value of r/r, is at its maximum
(~0.62; change from 1 to 1.62), while smallest in-plane silica wall
thickness (~0.9 nm) is estimated for the thin film on the H-Si
substrate and the corresponding change in the value of r/r; is at
its minimum (~0.25; change from 1.1 to 1.35). However, in terms
of the shape of the micelles, the maximum and minimum devi-
ations from the circular shape are observed for the thick film on
the H-Si substrate and the thin film on the OH-Si substrate,
respectively. Also with time, due to the asymmetric shrinkage of
the silica wall and hence also of the micelles, the stress is devel-
oped in the film, which deteriorates the ordering in the film. For
the thick film, both the number of repetitive micelles layers (V)
and the silica wall thickness are big, hence the stress is large.

4. Conclusions

Structural evolution of evaporation-induced self-assembled
CTAB-silica mesostructured films on differently-treated Si
substrates were monitored using XR and GISAXS techniques. A
centered rectangular (c2mm space group) structure is observed in
dried films on both the substrates showing clear deviation from
the perfect 2D-hexagonal (p6m) structure. Such deviation is
directly related to the change in shape of the micelles in the film.
With time the silica materials try to squeeze due to drying, which
can be expressed exponentially with critical drying time of ~1
day. However, squeezing is not allowed along the in-plane
direction due to the attachment of the film on the substrate. Such
asymmetric squeezing compressed the structure and also devel-
oped stress. The latter deteriorates the ordering of the film. The
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compression depends on the silica wall thickness; the more
thickness, the more compression. The silica wall thickness again
depends on the amount of excess alcohol. The more excess
alcohol we added, the less the film and silica coating layer
thickness becomes, hence the compression and stress, which are
clearly observed in the structure of the film. Excess alcohol not
only acts as a cosolvent as mentioned before, but also act as
a cosurfactant. According to the latter, the size of the micelles
increases exponentially with a critical amount of excess alcohol
of ~15 cm®. Analysis of the XR data measured at different time
intervals and the GISAXS data measured for the dried film
suggest that during deposition, cylindrical shaped micelles are
circular on OH-Si and form a perfect 2D-hexagonal structure
(with r/r; = 1), while elliptical on H-Si and form a compressed
2D-hexagonal structure (with r/ry = 1.1). Such difference in
shape is related to different attachment of the film with the
substrate, namely silica on the hydrophilic OH-Si substrate
and hemicylindrical micelles on the hydrophobic H-Si substrate.
For the dried films, the maximum and minimum deformed
structures (i.e. rfry = 1.62 and 1.35) are observed for the thick
film on OH-Si and for the thin film on H-Si, respectively.
However, considering the shape of the micelles, the maximum
and minimum deformed shapes are predicted for the thick film
on H-Si and for the thin film on OH-Si, respectively. Combining
the initial shape and the effect of compression with time, which
are related to the nature of the substrate and the amount of
excess alcohol, respectively, the final structures of the dried films
along with the shape of the micelles are formed, which are of
immense importance for their proper use as templates and other
applications.
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