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Environmental ellipsometric porosimetry (EEP) was used to characterize nanoporous polystyrene thin films containing cylindrical
channels oriented perpendicularly to the surface of the film. These samples were prepared from the selective etching of polylactide
from a self-assembled polystyrene—polylactide block copolymer. Isopropanol adsorption—desorption isotherms were obtained
from the refractive index variations induced by the adsorption and condensation in the pores. Mean pore size and pore-size
distributions were consistent with the values obtained by AFM, SEM, and GI-SAXS. More detailed analysis of the EEP data revealed
that the topology of the porous structure was more tortuous than the simple picture of vertically oriented nanochannels might
suggest. This was confirmed by preparing inorganic replicas that provided a hard negative copy of the porous network of the film.
Microscopy on these replicas confirmed that a fraction of the channels exhibited a U-shape and thus were not perfectly perpendicular

to the film surface.

B INTRODUCTION

To move beyond the characteristic length limits imposed by
conventional fabrication techniques of miniaturized devices,
bottom-up technologies based on self-assembly of nanoscale
building blocks have garnered a great deal of interest. Block
copolymers are particularly promising candidate materials due
to their natural tendency to form compositional heterogeneities
on the nanometer length scale and organize in regular mor-
phologies with tunable dimensions, shapes, and periodicity."
In the form of thin films, block copolymers can be applied
in various nanotechnological processes, wherein the distinct
microphase-separated domains® can be used for pattern
transfer protocols.3 Many diblock copolymers, with differ-
ential etch resistance toward selective degradation processes
(e.g, chemical,* UV radiation,’ plasmaé), have been shown
to be effective for providing nanoporous templates useful in,
for example, high density storage array and integrated circuit
element fabrication.”
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One critical factor for success of this emerging technology is
control of the topology of the pores within the film. This includes
controlling connectivity, orientation, and accessibility to the
interfaces (free surface and substrate). As block copolymer thin
films are usually prepared by coating a polymer solution, the film
is typically in a nonequilibrium state due the competition
between phase separation kinetics and vitrification as the solvent
evaporates; the microphase-separated domains display isotropic
orientation with a high degree of connectivity.® As a result,
electric field,” chemical patterned substrate, ' thermal or solvent
annealing,11 or graphoepitaxy12 approaches are typically required
to achieve high degrees or order and structural fidelity. After
selective etching of the minority component in the film, the
structure of the nanoporous film is typically analyzed by imaging
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the only free surface. Cross-sectional analysis allows the observa-
tion of the internal structure of the films, but this local informa-
tion is not representative of the whole structure of the sample.

Environmental ellipsometric porosimetry (EEP) is now used
in routine for the characterization of porosity in supported
inorganic and hybrid nanoporous thin films. Initiated in the early
2000s by Balkanov and co-workers,"* the ellipsometric porosi-
metry method is based on the measurement of the refractive
index and thickness variations induced by the adsorption and
condensation of solvent vapors in the pores of the sample being
interrogated. Further developed for environmental analysis con-
ditions, and called EEP,'* this technique allows gas adsorp-
tion—desorption isotherms to be collected. These data can be
used to determine the pore-size distribution and mechanical pro-
perties of films ranging from a few nanometers to micrometers
thick. Because this method is simple, rapid, nondestructive, and
reliable, EEP has become a popular analytical technique.'® None-
theless, EEP has never been used for the analysis of nanoporous
polymer films. Application of EEP to nanoporous thin films from
etchable block copolymer precursors ideally complements more
traditional characterization techniques.

We utilize EEP to characterize the porous structure of poly-
styrene (PS) thin films, obtained from etching polylactide (PLA)
from self-assembled coatings of polystyrene-block-polylactide
(PS-b-PLA) block copolymers. The films were also characterized
by conventional techniques including SEM, AFM, and GI-SAXS.
The porosity characteristics obtained with these various investi-
gation methods are compared and discussed. Specific informa-
tion about the internal shape of the pores was obtained from EEP
and confirmed by a detailed examination of an inorganic replica'®
of the porous polymeric supported layers.

B EXPERIMENTAL SECTION

Preparation of the PS Porous Thin Films. Porous PS thin films
with well-ordered cylindrical channels oriented perpendicularly to the
surface of the film were prepared from self-assembled layer of PS-b-PLA
following a procedure described elsewhere.'” Briefly, the procedure
includes the formation of thin films (100—150 nm) of PS-b-PLA by
spin-coating, reorganization of the structure by solvent annealing,
immobilization of the film on the substrate by UV irradiation, and then
selective removal of the PLA domains by NaOH etching. Cylinder
forming PS-b-PLA (90 kg mol !, PLA volume fraction fora =0.34) used
for this study was obtained from the combination of anionic polymer-
ization of styrene followed by the ring-opening polymerization of p,L-
lactide.'® Spin-coating solutions were prepared in chlorobenzene at a
concentration of 20 mg mL ™" and deposited on Si substrates first at
300 rpm for 15 s and at 2000 rpm for 40 s. Solvent exposures were carried
out in a closed 1.5 L desiccator at 20 °C with a reservoir of solvent
(15 mL). UV irradiation to cross-link the PS phase was carried out in air
at 365 nm (lamp power 40 W) for 1 h at a distance of 20 cm from the
lamp. Hydrolysis of thin films was then performed by placing the sample
in a 0.5 mol L' sodium hydroxide solution containing 40/60 (by
volume) methanol/water for 30 min. After removing from the solution,
the samples were washed with a 40/60 (by volume) methanol/water
solution.

Preparation of Inorganic Replicas. Dense titania replica of the
porous template was prepared by dip-coating the supported porous films
from solutions having the molar composition: 1 TiCly, S H,O, and 40
EtOH. Dip-coating was performed at room temperature, at ambient
humidity, and at withdrawal speeds of 2 mm s~ . The films were then
heated at 450 °C for S min.

Characterization. Scanning electron microscopy (SEM) was
carried out on a Hitachi $4200 device combined with an Oxford analyzer
controlled by Link Isis software. An electron gun was equipped with a
field emission electron source and was operated at 1 keV. SEM was
performed in secondary electron mode. AFM in the tapping mode was
carried out in air with a Nanoscope III from Digital Instruments Corp.
The piezo scanner was able to scan with a horizontal range of 150 um
and a vertical range of 7 um. Silicon cantilevers Tap 300 from Budget
Sensors with integrated symmetrical pyramidal tips (15 #m high) with
no Al coating backside, a nominal spring constant of 42 N m ' and a
resonance frequency of 300 kHz were used.

EEP was carried with the experimental setup detailed in ref 14.
Ellipsometric measurements were performed in the visible range
(0.4—1.0 um) at 70° incidence angle on a spectroscopic ellipsometer
(Sopra) fitted with a cell allowing the environment control of the film.
The partial pressure of the adsorbate in the cell was fixed using a
controlled mixture of two air flows (via mass flow controllers), one of
them being saturated in the adsorbate vapors. The temperature of the
entire apparatus was set to 24 °C. Thicknesses and refractive indices
were determined from the fits of the collected spectral data by using a
classical Cauchy model. The three-layer model was used to describe the
samples: (i) silicon substrate supporting a (ii) native silicon dioxide layer
of 2 nm atop (iii) a layer being used for modeling the porous PS layer.
From the analysis of the dry film assumed to be made of discrete
domains of PS and voids, a Bruggeman effective medium approximation
(BEMA) was used to determine the porous fraction fyorp. In the BEMA
model, the resulting optical properties (dielectric permittivity & = n*) of
the film comprising PS and voids with known dielectric permittivities £pg
and &yop are then given by
&g — & &vom — &€
&s + 28 * fVOIDéVOID + 28

where fyom + fps = 1.

From the variations of the refractive index as a function of the relative
pressure of iPrOH (RPp,on), classical adsorption—desorption curves
Viprort/ Vaim = f(RPip,o11) were extracted also using the BEMA model.
For this purpose, we assume that for each value of RP;p,op, the optical
properties of the film results from a combination of the optical properties
of the dry film (material A, PS with empty pores at RP;p,o = 0%) at a
volume fraction f, and the properties of the film with the pores
completely filled by the solvent (material B, PS with isopropanol-filled
pores at RP;p,op = 100%) at a volume fraction fg. This takes into account
the variation of the optical properties of the solvent confined in the pores
that would be needed if one had chosen to model the system as a mixture
of the pure solvent and a porous PS matrix.'* This computation
approach takes into account the complex expression of the refractive
index and is most accurate for a two-component system. In this BEMA
model, the resulting optical properties (dielectric permittivity €) of the
film consisting of various volume fractions of the two materials A and B
of known dielectric permittivity £, and &g is then given by

Er — €
5A =+ 2&

&g — €
+ fs B =0

& + 26

fa

Using this method, f and f as a function of the iPrOH content are then
obtained by fitting the n = f(RP;p,op) curves. Using the measured value
of fyorp from analysis of the empty (i.e., dry) of fyop = 0.34, Vipron/
Viim is then given by f X fyom.

Small-angle X-ray scattering in a grazing-incidence (GI-SAXS) was
performed with a X-ray beam of photon energy 8.9 keV (1 = 1.39 A) on
the SWING beamline at SOLEIL synchrotron. The sample was placed at
a distance of 1600 mm of the detector (CCD camera, AVIEX). The
transmitted and specular reflected beams were masked by a vertical
beam-stop.
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Figure 1. Top view SEM image of the block copolymer thins films after selective removal of the minor component (left). The arrows point out a grain
boundary; 1 um> AFM image showing grain boundary at the surface of the porous film (right).
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Figure 2. 2D GI-SAXS patterns of PS porous thin film (a); 1D profile (b).
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B RESULTS AND DISCUSSION

AFM, SEM, and GI-SAXS Characterization of the Nanopor-
ous Thin Films. A typical SEM image of the nanoporous thin
film is displayed in Figure 1. Channels resulting from the selective
removal of the PLA emerge at the surface of the film and display
the characteristic hexagonal structure consistent with the parent
PS-b-PLA block copolymer morphology. Only a single grain
boundary can be observed on this 20 4m” micrograph, consistent
with a high degree of long-range order; a grain boundary is shown
in more detail by AFM.

From a series of AFM images, we estimated a cylinder center-
to-center distance of 57 £ 2 nm and a cylinder diameter of 28 &
2 nm. This center-to-center distance was confirmed by synchro-
tron GI-SAXS measurements. Figure 2 displays the 2D GI-SAXS
diffraction patterns of the porous PS films where multiple Bragg

reflections were observed. The principal reflection is at gy =
0.125 nm ™}, and higher orders reflections are consistent with a
hexagonal cylindrical arrangement of perpendicularly aligned
cylinders with a center-to-center distance of 58 nm, consistent
with the AFM images. From this center-to-center distance and
the volume fraction of PLA in the starting block copolymer, the
predicted cylinder diameter is 36 nm. The pore size determined
by AFM is underestimated, and this was attributed the convolu-
tion of the tip with the sample topography which is known to
introduce significant inaccuracy in an AFM image when the tip
radius (estimated to be not less than 10 nm) is comparable to the
typical dimension of the sample features to be observed."
Environmental Ellipsometric Porosimetry. Figure 3 shows
the variations of the refractive index and thickness measured by
spectroscopic ellipsometry upon an adsorption—desorption cycle
performed between 0 and 100% of the saturation vapor pressure
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Figure 3. Thickness (left) and refractive index (right) isotherms of a supported porous PS film as a function of the relative pressure (RP) of iPrOH. T =

24 °C.

of isopropanol (iPrOH) (P°p,op = 41 mmHg at 24 °C). In dry
air, the refractive index of the etched polymer layer is 1.39, which
is lower than the value of the parent PS-b-PLA film (n,00nm =
1.56). This decrease of refractive index confirms the formation of
voids in the materials due to PLA removal. The porous fraction
Sfvorp calculated from an ordinary Bruggeman effective medium
approximation mixing optical properties of pure PS (11ps 700nm =
1.63) and voids (n = 1.00) is measured at 34%, which is in
excellent agreement with the volume fraction of PLA into the
copolymer.

In the case of porous polymer films, the difficulty for EEP
analysis is the selection of an appropriate liquid to probe the
porosity of the system. It must display favorable interactions with
the pore walls but must not (significantly) swell the polymer
matrix. In the case of inorganic systems, water is a common probe
because of the hydrophilic nature of the walls and because
virtually no diffusion occurs within the inorganic phase.” For
this study, water, ethanol, isopropanol, THF, and acetone were
tested for the EEP measurements. With water and EtOH, no
significant swelling of the matrix was observed, but limited
adsorption was obtained and no capillary condensation occurred
at 100% of the saturated solvent vapor pressure. With THF and
acetone, a large increase of the thickness was continuously
monitored upon vapor solvent exposure, indicating unwanted
swelling of the matrix. iPrOH displayed intermediate behavior,
with no significant swelling of the PS matrix and sufficient
adsorption into film pores. As observed in Figure 3, the variation
of the refractive index upon iPrOH exposure displays typical
hallmarks of such phenomenon with a slow increase up to a
relative pressure (RPjp,op;) of 0.8 due the adsorption of the
vapors on the pore walls, followed by a sharp increase character-
istic of the mesopores being filled due to capillary condensation
of iPrOH. Only a 0.6% increase in thickness was observed up to
RPip,on = 0.8 consistent with very little swelling of the matrix
during the experiment. For RP;p,on > 0.8 the thickness decrease
is due to the appearance of a true liquid meniscus formed in
the pores during the capillary condensation. The curvature of the
meniscus generates a stress on the pore walls that increases as the
pores are continuously filled. When the pores are completely
filled, the curvature of the meniscus decreases and the stress is
relaxed according to the Laplace law, leading to the final sharp
thickness increase observed near P%p,op. All these phenomena
have been well described in the case of inorganic and hybrid
materials."*
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Figure 4. Schematic view of pores filling (A) and emptying (B) in a
pore closed at one end (left) and in a pore open at both ends (right).

Hysteresis was observed during at high values of RPip,on
during desorption of the iPrOH. Nonetheless, the overall process
is reversible as the final and initial states display similar values of
thickness and refractive index. Such hysteresis can be due either
to the presence of pore restrictions at the top of the film and/or
to the isopropanol liquid meniscus geometry that is different for
adsorption and desorption. From the AFM and SEM images in
Figure 1, the pores are expected to be straight, monodisperse
cylindrical channels with no restrictions. A perfect cylindrical
pore closed at one end should exhibit capillary adsorption and
desorption at similar RP (i.e., the liquid meniscus should present
the same spherical geometry; see Figure 4). Thus, the presence of
a hysteresis in this case could be explained by the existence of
cylindrical pores that are open at both ends. This suggests that
instead of being completely perpendicular, adjacent pores could
be joined at the bottom of the film. This leads to a liquid
meniscus presenting cylindrical geometry during the filling step
and spherical geometry during the emptying step (Figure 4).

From the variations of the refractive index as a function of the
pressure of iPrOH, classical adsorption—desorption curves
Vipror/ Viim = f(RPipron) can be extracted using the BEMA
model. This allows the calculation of the pore size distribution
(PSD) from the adsorption curve (considering a cylindrical
liquid meniscus) and from the desorption curve (considering a
spherical liquid meniscus) using a modified Kelvin equation
(Figure 5)."* Both PSDs exhibit a large peak in the same pore
size range. In spite of large errors due to the fact that capillary
condensation occurs at very high RP (the precision of gas porosimetry
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Figure 5. Adsorption—desorption isotherms (left) and pore size distributions (right) in a PS porous film obtained by considering a cylindrical liquid
meniscus at the adsorption and a spherical liquid meniscus at the desorption.

Figure 6. SEM side (left) and top (right) views of the TiO, replica of the porous PS film studied by EEP.

techniques decreases when the capillary condensation RP is close to
saturation), both isotherm branches agree in estimating the pore size
to be 31.5 + S nm (estimated error based on experience). This is in
reasonable agreement with the characteristic of the pore sizes
extracted from GI-SAXS and AFM. There is a lower limit in pore
size below the capillary condensation does not occur anymore and
where the Kelvin equation is no longer valid. For water in ceramics,
the limit is around 1 nm in diameter, although there is no broad
agreement on this value as it also depends on the pore surface
chemistry and morphology, the nature of the adsorbed molecules,
etc”' In the present work, we are far from this critical limit as
confirmed by the inorganic replication of the porous systems (see
below). A spherical liquid meniscus during adsorption is unrealistic
because it would have translated to a pore diameter larger than the d-
spacing of the structure obtained by GI-SAXS (Figure 2). These data
are consistent with pores of the PS film that are likely cylindrical with
both ends opened, and it implies that a fraction of the pores must be
interconnected. To confirm this hypothesis, the inorganic replication
of the porous network has been performed to better understand the
internal structure of the film.

Titania Replica. EEP analysis of these thin films suggests a
complex pore topology and that the pores are actually not ideally
perpendicular to the surface of the substrate for the film thickness
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interrogated. In parallel to EEP measurements, we developed an
alternative method to investigate the internal structure of the film
that consists of preparing the replica of the porous network by (i)
filling the pores with a sol—gel solution containing titania pre-
cursors and (ii) thermal treatment at 500 °C that leads to PS
decomposition and polycondensation of the sol—gel precur-
sors.'® This gives a hard replica of the porous network which is
much easier to handle and characterize, providing complete
information on the inner structure. This was applied to a repre-
sentative porous PS sample studied by EEP in this study (i.e., the
same thickness and solvent annealing time were used). Figure 6
displays the top and side view of the replica. The mode of
preparation leads to simultaneous impregnation of the pores and
a deposition of a top layer, leading to a final inorganic structure
consisting in vertical nanopillars supporting a continuous roof.
This can be clearly seen on the side view but also on the top view
obtained in a crack. The side view reveals that a fraction of the
pillars are connected along the interface with the substrate,
leading to a characteristic U-shape (indicated by the arrow of
the image). This indicates a defected pore structure and accounts
for the desorption hysteresis observed in EEP. A significant
fraction of the initial PLA domains displays a parallel orientation
along the Si interface, although regular organization of the

dx.doi.org/10.1021/ma201497z |Macromolecules 2011, 44, 8892-8897
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PLA domains was observed from the top view of PS-b-PLA
films.

Bl CONCLUSION

Environmental ellipsometric porosimetry, restricted to the
characterization of inorganic or hybrid supported layers, has been
used to probe the internal porosity of nanoporous polystyrene
thin films. Selecting a liquid that limits the swelling of the
polystyrene, we showed that classical adsorption—desorption
isotherms could be obtained from the refractive index variations
of a porous polymer film in equilibrium with vapors of the liquid.
In this work, the measurements were performed with iPrOH on a
polystyrene film exhibiting a well-defined porosity obtained from
the selective etching of a self-assembled film of polystyrene-b-
polylactide block copolymer. In spite of errors due to the fact that
capillary condensation occurs at very high RP;p,on, the calcula-
tion of the pore size distribution using a modified Kelvin
equation in both isotherm branches (adsorption and desorption)
led to a pore size consistent with that extracted from the
microscopic study of the film (AFM) and the GI-SAXS measure-
ments. Additional information concerning the topology of the
porosity was obtained from the shape of the adsorption—desorp-
tion isotherms. The hysteresis suggests the existence of cylind-
rical pores opened at both ends, indicating that instead of being
completely perpendicular with a circular base anchored at the
surface of the substrate, some adjacent pores are connected at the
substrate/film interface. This has been confirmed by examining a
titania replica of the porous film where a fraction of the titania
pillars were found to be connected along the interface with the
substrate leading to a characteristic U-shape.

This method can be generalized to any type of porous polymer
system, including those with more complex topology. The gyroid
structure, which is particularly relevant for many practical
applications, can be seen as an interconnected network of cylin-
drical pores that could be studied with the same mathematical
treatment used for this system (Kelvin equation). For each
porous sample, the crucial parameter will be the selection of an
appropriate liquid to probe the porosity, dictated by the poly-
mer/solvent interactions and the pore wall functionality. This latter
point is now under careful investigation for porous PS systems
bearing various degrees of hydrophilicity, where condensation of a
more hydrophilic solvent (even water) should be possible.
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