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ABSTRACT: Exposure of a thin polymer film to a fluid can affect
properties of the film such as the density and thickness. In particular in

membrane technology, these changes can have important implications
for membrane performance. Spectroscopic ellipsometry is a convenient
technique for in situ studies of thin films, because of its noninvasive
character and very high precision. The applicability of spectroscopic
ellipsometry is usually limited to samples with well-defined interfacial
regions, whereas in typical composite membranes, often substantial and
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irregular intrusion of the thin film into the pores of a support exists. In

this work, we provide a detailed characterization of a polished porous alumina membrane support, using variable-angle spectro-
scopic ellipsometry in combination with atomic force microscopy and mercury porosimetry. Two Spectroscopic ellipsometry optical
models are presented that can adequately describe the surface roughness of the support. These models consider the surface roughness as
a distinct layer in which the porosity gradually increases toward the outer ambient interface. The first model considers the porosity profile
to be linear; the second model assumes an exponential profile. It is shown that the models can be extended to account for a composite
membrane geometry, by deposition of a thin polysulfone film onto the support. The developed method facilitates practicability for in situ
spectroscopic ellipsometry studies of nonequilibrium systems, i.e., membranes under actual permeation conditions.
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1. INTRODUCTION

Thin films are widely used in many areas of science and tech-
nology, serving as coatings1 or membranes, > and for the fabrica-
tion of sensors* and microelectronic devices.” Application areas of
thin films often involve their use as an interface between fluid
phases with different thermodynamic status. For instance, in mem-
brane technology, molecular selectivity is often provided by a thin
film serving as semipermeable barrier. Separation performance of
such a thin selective film is strongly dependent on penetrant con-
centration profiles inside film. These profiles are in turn dictated
by the interactions between the thin film and the fluid mixtures it
separates. In the case of polymer membranes, penetrant-induced
sorptive dilation or swelling® may significantly change the molec-
ular structure and macromolecular dynamics of the material. For
instance, in gas separation, large concentrations of highly inter-
acting penetrants can be responsible for undesired plasticization
phenomena, thereby limiting the window of membrane
operation.”” Fundamental understanding of such penetrant in-
duced phenomena will aid membrane material choice and optimi-
zation of process parameters.

The majority of commercial membranes have an asymmetric
composite geometry, comprising a thin selective film deposited
on a highly porous support.®> The support and the film can be
organic’ as well as inorganic.” Characterization of supported
thin films can be accurately performed with many techniques,
including Brillouin light scattering,10 particle embedding,“
dielectric relaxation spectroscopy, "> buckling instability,"*
positron annihilation spectroscopy, > X-ray photon correlation
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spectroscopy,'® and spectroscopic ellipsometry.'”'® Few of these
techniques have been applied for in situ characterization of thin
films exposed to a penetrant.>'>'”'*~*! For example, for thin films
in contact with liquid or gaseous penetrant in situ spectroscopic
ellipsometry allows determination of the swelling degree and the
estimation of the concentration of the dissolved penetrant.'® Such
in situ spectroscopic ellipsometry analyses are normally limited to
equilibrium conditions, when the films are supported on non-
porous substrates such as silicon wafers or glass slides. In actual
membrane applications the film separates two phases that are not
in thermodynamic equilibrium, and mass transport occurs from
one side of the film to the other. This requires the layer that
supports the thin selective film to be very permeable, ie., highly
porous. Typically, however, porosity introduces roughness in the
sample structure which makes the ellipsometry analysis difficult
due to diffuse light scattering or depolarization effects. Moreover, if
the interface between the dense skin and the porous support of
the membrane is not well-defined (i.e, pore intrusion) the inter-
pretation of ellipsometry parameters, Psi and Delta, may be
hindered. To characterize thin membrane films in realistic
membrane application conditions, we will need to extend the
in situ spectroscopic ellipsometry approach to account for
porous substrates.
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The purpose of this work is to study the applicability of in
situ spectroscopic ellipsometry in investigations involving com-
posite flat disk membranes, in which a ceramic porous support
is covered with a thin polymer film. The support chosen here is
a very well-defined, chemically and mechanically stable porous
alumina material characterized by uniform roughness. On the
alumina support, a thin polysulfone (PSU) film is deposited
by floating technique, which minimizes the polymer pore
intrusion. For the sample designed in such a way, a viable
spectroscopic ellipsometry model is provided.

2. SPECTROSCOPIC ELLIPSOMETRY PRINCIPLES

Spectroscopic Ellipsometry is a nondestructive optical
technique that allows very precise in situ analysis of the
properties of thin films. Combined with appropriate data an-
alysis and modeling, spectroscopic ellipsometry can yield
information on the film thickness and refractive index.

In spectroscopic ellipsometry, light of a well-defined polari-
zation state (usually linearly polarized) is reflected of a thin film—
substrate system. The reflection results in the change of the
polarization state of light, in general into elliptically polarized.
The parameters that describe the change of the polarization state
upon reflection are psi (¥) and delta (A), which are defined in
eq L.

i 'p
tan(P)e' = p = —
T (1)

The symbols r, and r; refer to reflectivity of p and s polarized
light, respectively. For further details on the basics of
ellipsometry, the reader is referred to one of the handbooks.”***

The measured psi and delta are collected over a range of
wavelengths of light. Extracting meaningful physical informa-
tion from this ellipsometric spectrum requires the construction
of an optical model of the sample. In general, this optical model
takes into account a number of distinct layers with individual
optical dispersions. Interfaces between these layers are optical
boundaries at which light is refracted and reflected according to
the Fresnel relations. The total reflected light is a product of
constructive and destructive interferences of light rays reflected
from all of the optical interfaces. The psi and delta values
generated for a given optical model are numerically matched to
the measured psi and delta, by adjusting the values of fitting
parameters. Fitting parameters can include the thickness, the
real part of the refractive index n (or the optical dispersion) and
the imaginary part of the refractive index k (extinction co-
efficient) of the different layers. In the case of weakly or non-
absorbing dielectric materials, the extinction coefficient is close
to zero and the optical dispersion can be successfully fitted to
the well-known Cauchy dispersion (eq 2):

» )

The difference between the optical response predicted by an
optical model and the measured data (the quality of fit) can be
expressed by the mean square error (MSE). The MSE is
defined as the square root of the sum of errors between the
measured and model generated values. The lower the value of
the MSE, the closer the data generated from a model are to the
measured data. Generally, it is considered that an MSE value
between 1 and 2 describes a good fit for single angle of incidence
of incoming light and layer thickness in the range 100—200 nm.
For thicker layers, higher values of MSE are considered acceptable.

B
n(?»)=A+F+
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For thicker layers, ellipsometry spectra display more oscillations;
at the same measurement resolution, less measured values de-
scribe the single oscillation in case of a thicker film as compared to
a thin film. In analogy, higher MSE values are considered ac-
ceptable for ellipsometry spectra with much structure in the
measured data. The MSE value is also expected to be higher when
analysis is performed simultaneously on spectra taken at multiple
angles of incidence, because of error accumulation (angle of in-
cidence determination accuracy, beam collimation etc.).

The layer thickness range that can be determined by ellipso-
metry matches well with the typical thickness range of selective
membrane skin layers (30—2000 nm).>**** However, a crucial
requirement for spectroscopic ellipsometry is that the support
layer beneath the studied thin film needs to be very well-
defined and uniform. Typical substrates include polished silicon
wafers, glass slides, or metallic discs. If the substrate surface
features dimensions exceed ~30% of the wavelength of the
probing light, pronounced scattering effects occur that may
strongly complicate analysis.”> This requirement is very rarely
met in asymmetric or composite membranes where the support
pore dimensions are often much larger than this limit.

In addition to light scattering by pores in the support layer,
ellipsometry is also complicated by large surface roughness or
pronounced thickness variations. Such sample nonidealities
result in a partial depolarization of the reflected light, which can
significantly increase the errors of the analysis. For instance,
if the analyzed sample is characterized by large surface rough-
ness some portion of the probing light will be scattered
(multiply reflected) on the surface. That will result in a differ-
ent polarization state as compared to the light reflected from
the sample surface only once. Similarly, if the thin film de-
posited on the substrate is nonuniform with respect to its
thickness, light reflected from such a sample carries different
polarization state depending on the lateral position of the light
ray reflection. Other physical phenomena responsible for
depolarization include incident angle or wavelength variations
and are related to the characteristics of the experimental setup.
The intensity of reflected light also affects modeling quality, as
the polarization state of light is determined from the light in-
tensity. Thus, severe reduction in light intensity upon reflection
complicates ellipsometry analysis.

The optical properties of a mix of materials can be approxi-
mated using an effective medium approximation (EMA) theory.
EMA theories are based on the assumption that the mean
optical dispersion of a medium which comprises of two differ-
ent dielectric substances can be approximated by mixing their
dielectric constants or, using the relationship ¢ = n?, their
refractive indices (n, and #,), for instance, according to the
formula proposed by Bruggeman (eq 3):

ny — ng ng — n
a € €
i 2 T (1 _fa) 2 > =0
ny + 2ngg ny + 2ngg (3)

where f, is the volume fraction of the substance a and n is the
effective refractive index. Bruggeman approach, therefore, makes
the self-consistent choice of the host material where the polari-
zability of the intruded material is related to the polarizability
of the host. In this way the porosity of a material can be re-
presented as a mix of void refractive index (n = 1) and refractive
index of dense material. The EMA approach can also be used to
approximate the concentration of a penetrant in a polymer
matrix for instance treating the dissolved substance as a liquid
phase homogeneously mixed with host on a molecular level.**®
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Figure 1. AFM topology images for AKP-15, AKP-30, and AKP-50 samples, vertical (out of plane) height scale relates to all three topology maps.
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Figure 2. Representative AFM line scans over 10 ym distances of the surface.

Complex optical models can be devised in an attempt to account
for the effects of thickness nonuniformity, surface roughness, re-
fractive index gradients, and materials mixing.

3. EXPERIMENTAL SECTION

3.1. Materials. Alpha alumina porous disks were prepared form
commercial alumina powders: AKP-15, AKP-30 and AKP-50
(Sumitomo Chemical, Japan) with average particle size of 0.7 um,
0.3 yum, and 0.2 pm, respectively. Commercial polysulfone (PSU) Udel
P-3500 (Amoco, Solvay Advanced Polymers) and cyclopentanone
(Sigma Aldrich) were used as received. Three mm thick glass slides
prepared in house were used for the PSU free-standing film preparation.

3.2. Support Preparation. The alpha alumina supports in a flat
disk geometry were prepared according to the protocol described in
detail elsewhere.”® The procedure involved the preparation of the AKP
owder suspension in an acidic solution with the addition of poly(vinyl
acetate) (PVA). A green compact was obtained by filtering the sus-
pension in a mold. After sintering at 1100 °C the obtained disk was cut
to the desired dimensions, and one surface was polished mechanically
to produce a smooth interface.

3.3. Layer Deposition. A solution of 10%wt PSU in cyclo-
pentanone was spin coated on a clean glass slide, followed by an-
nealing for S h at 120 °C under nitrogen flow in order to remove the
remaining solvent. The glass slide with film was then immersed in
deionised water, causing it to dewet and float on the surface within 1 h.
The free-standing film was gently placed on top of a AKP-50 support and
dried in a furnace at 100 °C for 1 h under nitrogen flow. Subsequently, the
furnace temperature was increased to 250 °C (PSU T, =185 °C) for 2 h to
accomplish partial intrusion of the polymer into the surface roughness of
the alumina support, ensuring a good adhesion of the film. Samples pre-
pared in this way were then quenched to room temperature by removing
them from the furnace, and used for spectroscopic ellipsometry analysis.

3.4. Characterization. 3.4.1. Atomic Force Microscopy (AFM).
Atomic force microscopy imaging was performed with a Dimension
3100 AFM equipped with a hybrid scanner and NanoScope Iva
controller (Veeco/Digital Instruments, Santa Barbara, CA, USA)

operated in a tapping mode. Commercially available silicon cantilevers
(PointProbe Plus silicon probes, PPP-NCH, Nanosensors, Neuchatel,
Switzerland) were used.

3.4.2. Spectroscopic Ellipsometry. Spectroscopic ellipsometry
measurements were performed with two systems, both supplied by J.A.
Woolam Co,, Inc. A rotating compensator ellipsometer (M-2000X) was
used for the UV—vis range of the spectrum 210—1000 nm. The
M-2000X is characterized by fast acquisition times: less than 10 s per
single incident angle. The second system, a rotating analyzer ellipsometer
(VASE), was used to probe the samples in the near-infrared, up to about
1700 nm. The combined range of wavelengths available for analysis was
210—1700 nm. The spot size of the probing light had a diameter of
2 mm in case of both spectroscopic ellipsometers used. The spectral
resolution for the M-2000X and the VASE ellipsometers was 2 and S nm,
respectively, which was high enough to adequately capture psi and delta
oscillations of the polymer deposited sample. For all samples mea-
surements were conducted at multiple angles of incidence, to improve
reliability of data interpretation and modeling. Data modeling was per-
formed with a commercial software package (Complete EASE v.4.41)
supplied with the M-2000X system.

The thickness and optical constants of the PSU film deposited on
glass were determined with the M-2000X, assuming using simple
Cauchy dispersions for the glass substrate and the polymer film. First,
the pure glass substrate was analyzed, accounting for surface roughness
on the nanometer scale. The derived optical constants were kept fixed in
the subsequent analysis of the supported PSU layer. Second, the thin
supported PSU layer was characterized, yielding thickness (1115 nm)
and Cauchy optical dispersion function with 143, gy, = 1.625. The dis-
persion function was assumed the same after deposition onto the alpha
alumina porous support.

3.4.3. Mercury Porosimetry. Porosity of all the samples was
determined with a mercury PoreMaster porosimeter (Quantachrome).

4. RESULTS AND DISCUSSION

4.1. Characterization of the Alpha Alumina
Disks. 4.1.1. Atomic Force Microscopy. The Atomic force
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microscopy topography images of polished flat disk samples of
AKP-1S5, AKP-30, and AKP-50 are presented in Figure 1. In each
case the scan area presents a square region of 10 gm X 10 pm.
The surfaces of AKP-30 and AKP-50 disks exhibit surface rough-
ness features of a comparable size. In the case of AKP-1S, the
surface roughness features are much larger and surface morpho-
logy is significantly more irregular.

More precise analysis of the topmost roughness layer is
performed based on depth line scans over a distance of 10 ym
(Figure 2) and their corresponding cumulative height dis-
tributions (Figure 3). In Figure 2, the zero value on the Y-axis
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Figure 3. AFM cumulative height distribution for AKP-15, AKP-30,
and AKP-50; symbols are guides for the eyes.

represents the average depth of the sample features as deter-
mined for the whole analyzed area. AKP-30 and AKP-50 types
are relatively uniform over the area analyzed, as is indicated by
only slightly asymmetric bell-shaped line scan histograms (not
shown). In the case of AKP-15 the line scan histogram presents
a much wider, though also symmetric shape.

Correlation analysis of the AFM images reveals the average
sizes of the surface roughness features to be 370, 170, and 160 nm
for the AKP-15, AKP-30, and AKP-50, respectively.

In Figure 3, the AKP-30 and AKP-50 profiles nearly com-
pletely coincide. The corresponding profiles of the cumulative
height distribution show an almost linear increase of the void
fraction, going from the uniform bulk of the sample outward.
The depth over which the increase occurs can be quantified by
a simple tangent construction as indicated in Figure 3. In the
case of AKP-15, the range over which the void fraction changes
reaches 510 nm ,which is approximately two times more than in
the case of AKP-30 and AKP-50 (240 nm).

4.1.2. Spectroscopic Ellipsometry. Figure 4 combines the
measurements of signal intensity and depolarization of light

0.15 60
= =
2 0.10 'c 40
[Z] o
3 T
- N
[= =
E 0.054 %20
=3 I3
D) [a]

0.00 0

600 900
Wavelength [nm]

300 600 900

Wavelength [nm]

300

Figure 4. Signal intensity and depolarization of light for AKP-15, AKP-
30, and AKP-50 disks measured with a 2 mm light spot size at 70°
angle of incidence; symbols are guides for the eyes.

reflected at 70° angle of incidence as a function of light wave-
length, for three support types. In all cases, the light intensity
decreases for shorter wavelengths. This is probably related to
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more pronounced scattering as the wavelength approaches the
scale of sample surface roughness features. In the case of AKP-
1S the reflected signal is much weaker than in the case of AKP-
30 and AKP-50 and vanishes completely below about 300 nm.

In the visible range, depolarization is very low for all mea-
sured samples. Only for AKP-1S a sharp decrease in depolariza-
tion is observed below 300 nm. This is in a good agreement with
the much larger scale of surface irregularities of the AKP-1S5, and
is related to significant scattering at shorter wavelengths.

Table 1 shows, for the three sample types, the mean value
and standard deviation (SD) of psi (at 632.8 nm, 70° angle of

Table 1. Measured Mean Psi Values at 632.8 nm Wavelength
Together with Calculated Standard Deviation (SD) from 10
Different Spots on AKP-15, AKP 30 and AKP-50,
Instrumental SD in Psi Determination, and Particle Grain
Size Used for the Preparation of the Samples

particle
mean psi at SD of psi from 10 instrumental SD  grain size
sample  632.8 nm  spots at 632.8 nm of psi at 632.8 nm (um)
AKP-15 28.8 0.8 0.03 0.7
AKP-30 28.5 0.3 0.02 0.3
AKP-50 28.34 0.0S 0.02 0.2

incidence) for 10 measured spots across a sample surface, and
the instrumental SD in psi determination. The instrumental SD
is largest for AKP-1S5 For all samples the instrumental SD is
much less than the spot to spot SD, indicating that
nonuniformity can be assessed with higher accuracy than the
experimental error. The results show that the spot to spot
nonuniformity increases strongly with increasing grain size.
Apparently, surface polishing of the alumina supports made
with smaller particles results in much more uniform surface
roughness features. In accordance, AKP-50 samples are
characterized by the highest uniformity of surface roughness.

For AKP-30 and AKP-50, the sufficient signal intensity, the
low depolarization, and uniform surface features indicate that it
may be possible to construct an appropriate optical model for
interpretation of ellipsometry data.

4.2, Spectroscopic Ellipsometry Model Develop-
ment. 4.2.1. Uncoated Alumina Support. Constructing an
appropriate optical model is facilitated by investigating the
behavior of the so-called pseudo optical transforms (n) and (k),
especially with respect to dependence on angle of incidence. As
defined in (eq 4) (n) and (k) are directly related to the mea-
sured psi and delta values.

1 2

((n) + i(k))* = sin(@)*| 1 + tan((p)z(—p]

L G
Pseudo optical transformation of multiangle spectroscopic data
is useful in order to gain some basic information about the
sample structure. If the analyzed sample morphology is iso-
tropic and comprises only a single optical interface, for instance
in the case of a bare polished substrate, the pseudo optical
constants are independent of the angle of incidence and are
equivalent to the materials actual optical constants # and k. If
the pseudo optical constants are angle-dependent, the sample
can be represented more appropriately by an anisotropic or a
multilayer structure. This is for instance typical for samples
possessing oxide layers, thin films, roughness, or complex
anisotropic geometry.27
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The pseudo optical constants for an AKP-30 sample, for
angles of incidence 65°, 70° and 75°, are depicted in Figure S.
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Figure S. Pseudo transforms (n) and (k) for AKP 30 at angles of
incidence of 65, 70, and 75°%; symbols are guides for the eyes.

The results are representative also for AKP-15 and AKP-50, and
show a significant dependence of the pseudo transforms on
angle of incidence. Additionally, the (k) values show unphysical
negative values at wavelengths below about 450 nm. This
strongly suggests that the samples do not possess a single iso-
tropic interface structure. An appropriate optical model for such
samples should involve a multilayer system or anisotropy.

On the basis of the conclusions from the atomic force micro-
scopy and ellipsometry analysis, it seems reasonable to treat the
surface roughness of the alumina supports as a separate layer
with graded porosity. The corresponding model is schematically
presented in Figure 6 and involves the use of the Bruggeman

Linear Model Exponential Model

>
>

JusIquie
Jsique

Refractive index

Surface
Layer

Surface
Layer

Bulk Bulk

Figure 6. Schematic representation of the ellipsometric models for
AKP materials.

EMA for mixing the optical constants of two components. The
first component is dense alumina, represented by a fit of the
Cauchy equation to optical dispersion data of corundum—Al,QO;
taken from literature.”® The calculated parameters are A = 1.751,
B =632 X 107, C = 1.0152 X 10~ and produce the value of
refractive index of ny,03 = 1.766 at 632.8 nm. The other com-
ponent is void, representing the porosity of the porous alumina
structure, with n,,y = 1.000 over the whole wavelength range.

The optical model comprises two materials distributed over
two distinct optical layers. The bottom layer, bulk, consists of
porous alumina with a constant void fraction p. This void
fraction is used as fitting parameter and the value obtained from
the fit is expected to agree with the results of mercury porosi-
metry measurements (~40%).

The top layer, surface layer, consists of porous alumina with
decreasing void fraction, going from the interface with the
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bottom layer toward the outer surface (the interface with the
ambient). The thickness of the layer (h) is considered a fitting
parameter in the optical model. For each position in the layer,
the local void fraction can be transformed into the refractive
index using the Bruggeman EMA. For this, the optical model
requires an expression for the spatial variation in void fraction.
In this study, two expressions are proposed. The first expres-
sion considers the void fraction to be a linear function of the
depth (linear model). This expression contains two adjustable
fit parameters: the gradient in void fraction g and the void
fraction in the middle of the film v. The second expression
considers the refractive index to be an exponential function of
the depth (exponential model). This expression is expected to
be able to account for the curvature of the density profile closer
to the support, visible between 250 and 400 nm in Figure 3. In
the exponential model, in addition to g and v, the exponent e is
an adjustable fitting parameter. Importantly, the values of
refractive indices corresponding to porosity of the surface layer
at the bulk interface are not coupled to those related to the
porosity of the bulk support. This is done in order to test
whether the model is able to reproduce the index profile in a
physically consistent way (i.e., more or less continuous index
profile) without introducing any initial restrictions.

The void profiles obtained from the ellipsometry analysis
should correspond with the cumulative height distributions
from AFM analysis (Figure 3). Bruggeman EMA is therefore
used to transform the mass density profile obtained from AFM
directly into the profile of refractive index. The bulk value of
support refractive index is calculated on the basis of the known
refractive index and density of dense alpha alumina which are
fanos = 1.766 at 632.8 nm and py,03 = 4.0 g cm >, respectively.
The porosity of the samples is taken from mercury porosimetry
measurements and indicated in Table 2. The AFM reference
profile prepared in this way is thus completely independent
from the ellipsometric measurements.

Representative fit results for Psi in the wavelength range
450—1000 nm and § angles of incidence are shown in Figure 7,
for both the Linear Model and the Exponential Model. Visual
inspection of the spectra suggests a proper fit for both models,
as is confirmed by the low MSE (~7) obtained with both
models. The same is also true for the Delta parameter that is
not shown for the sake of clarity. The fit quality decreases at
lower wavelengths, especially for smaller angles of incidence.
This is probably an effect of more pronounced scattering.

To reduce the negative effects of scattering and to con-
currently improve reliability of the fit, we omitted smaller wave-
lengths in the fitting procedure. The lower limit of the wave-
length range is determined from a maximum value allowed for
the MSE. The criterion in case of AKP-30 and AKP-50 was an
MSE lower than an arbitrary value of about 5, for simultaneous
it for all angles of incidence. This value indicates a very good fit
quality considering the simultaneous fit to 5 sets of data. Fit
results for all investigated materials using both Linear and
Exponential models, and the wavelength range used for the fit
are collected in Table 2. In the case of AKP-15, the wavelength
range was confined to the NIR range, due to large experimental
uncertainties caused by low signal intensity and scattering
effects in the UV and visible range. For AKP-15, even in the IR
range the MSE obtained is still high (MSE = 16) and the
models are considered poorly applicable.

In Figure 8, the generated refractive index profiles for the
linear model and exponential model are compared with the
AFM-derived refractive index profile, for an AKP-50 support.

dx.doi.org/10.1021/am2015958 | ACS Appl. Mater. Interfaces 2012, 4, 935—943
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Table 2. Model Fitting Results for AKP-15, AKP-30, and AKP-50 Flat Disc Samples

average
thickness of mean void gradient in porosity of porosity of the pore
wavelength top layer, h  fraction in the top the top layer, the support, support from H diameter
model sample range (nm) layer, v (%) g (%) exponent, e p (%) porosimetry (%§ (nm)
linear AKP 50 525-1700 1989 + 04 56.0 + 0.06 71.6 £ 0.1 39.7 £ 0.1 41.9 78
MSE =S
AKP 30 560—1700 2126 + 1 49.8 + 0.1 75.7 £ 0.4 33.8 + 0.1 35.6 74
MSE =S
AKP 15 1200—-1700 307 £ 15 562 + 0.7 233 + 5.5 41.5 +£ 09 424 130.6
MSE = 16
exponential AKP 50 550—1700 3186 + 3.7 76.1 + 0.1 104.1 £ 0.3 2.01 £+ 0.04 37.0 £ 0.2 419 78
MSE = 5.2
AKP 30 600—-1700 3702 £ 2.8 75.7 + 0.04 1194 + 0.4 2.50 + 0.04 31.0 £ 0.2 35.6 74
MSE = 5.2
AKP 15 1200—1700 296 + 11 78 £ 11 56 £ 19 13.1 + 1.8 42.0 = 0.8 424 130.6
MSE = 14.8
40 i -
Linear Model Exponential Model that the models are reliable, robust and stable. Comparable con
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Figure 7. Measured and fit generated values of Psi for AKP-50 sample
over the wavelength range 450—1000 nm for angles of incidence of 55,
60, 65, 70, 75°. Both linear and exponential models are presented.
Symbols are guides for the eyes.
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Figure 8. Generated refractive index profile compared with the void—
alpha alumina profile obtained from the integrated histogram AFM
analysis; symbols are guides for the eyes.

The refractive index profile predicted by both models is in good
agreement with the profile obtained with AFM. For both
models, the refractive index of bulk corresponds to porosity (p)
comparable with that obtained via mercury intrusion. The
thickness of the graded layer (surface layer) obtained from the
optical models () and the AFM data are in good agreement.
The refractive index at the interface between the two layers is
more or less continuous, and the average value (v) and slope
(g)/shape (e) of the refractive index is similar to that derived
from AFM. It is important to mention that all fit parameters are
fitted simultaneously, with no restrictions imposed on their
values. The physically realistic values that are obtained indicate

clusions hold for AKP-30.

The thickness of surface layer obtained from the linear model
is smaller as compared to the exponential model. It can be
rationalized by the consideration that the linear model tends to
represent better the linear part of the AFM profile, which is
located in the middle of the surface layer. The curvature of the
density profile in between the bulk and the linear part of the
AFM profile cannot be captured adequately by the linear
model. Instead, this nonlinear region in the density profile is
considered part of bulk, resulting in a lower value for the
thickness h.

The exponential model estimates a slightly larger value for
the thickness h, and generates a refractive index smaller than 1
at the ambient interface. This model tends to match the shape
of the nonlinear variation in density close to Bulk, and at the
same time tends to match the linear shape in the region closer
to sample surface. In this way, the exponential model includes
this nonlinear density variation in surface layer, whereas this
region is considered part of bulk in the linear model. Con-
sequently, the exponential model predicts a larger overall thick-
ness of the surface layer as compared to the linear model.
Because only a single parameter e is available, the exponential
model is forced to consider a linear variation of refractive index
at the interface with the ambient. This is physically unrealistic
and results in the nonphysical value of the refractive index
at the ambient interface. Additionally, refractive index over-
estimation at the Bulk interface is produced by the exponential
model. Because the MSE values obtained for both models in a
similar wavelength range are very close together (MSE |, cavodel =
5.0 and MSEg,onentiaiviodel = 5:2), it is difficult to discern which
one is more appropriate.

Overall, it can be concluded that the most consistent and
robust results are obtained in the case of AKP-30 and AKP-50,
for both types of models. The wavelength range of the fit with
an MSE of about $ is the largest in the case of AKP-50.

4.2.2. PSU Layer Deposited on Alpha Alumina Support—
Preliminary Model. The models can be extended to account for
composite membrane geometry: a thin dense film on top of the
support with surface roughness. We have selected AKP-50 as
support, given conclusions from the AFM and ellipsometry
characterization of the three support types investigated, and
polysulfone as material for the dense thin film, because of the
wide application of this polymer in the membrane science and
technology. AKP-50 was chosen over AKP-30 due to its best-fit
quality, widest applicable wavelength range, and higher
reflected light intensity. For AKP-15 the combination of high

dx.doi.org/10.1021/am2015958 | ACS Appl. Mater. Interfaces 2012, 4, 935—943



ACS Applied Materials & Interfaces

Research Article

MSE, much narrower applicable wavelength range (only NIR),
lower intensity (Figure 4) and moderate agreement with the
AFM profile would make the analysis of a composite sample
much more difficult and less relevant for the intended appli-
cation. The approach is not limited to polysulfone; for other
polymers sample preparation, post treatment, and modeling can
be similar, provided that the polymer can dewet from a glass
slide during immersion in solvent. That is because most typical
high T, polymers have their refractive indices in the range
between ~1.55 and 1.65, which is close to that of the polymer
applied in this study (1.625).

The optical model for the alumina support with thin polymer
layer comprises three distinct layers, as shown schematically
in Figure 9. In this model, referred to as multilayer model,

Linear Model

Exponential Model

p

x

% ® I [
£ 3 1 3
o (= 1 o
2 @ | @
. - 3
= 1

@ i

1 hy
........ e
Surface Surface
Buk  Layer PSU Buk | ayer  PSU

Figure 9. Schematic of the models for thin PSU layer deposited on
AKP-50.

essentially the two-component geometry of the AKP-50
support is extended with an additional PSU layer. This layer
accommodates a thin region in which the polymer is intruding
the porous alumina. This intrusion layer comprises predom-
inantly PSU, a small fraction of dense alumina and presumably
a very small fraction of void. The difference in refractive indices
of PSU and dense alumina is not very large (npgy = 1.625 and
fanos = 1.766; both with typical Cauchy dispersion and
negligible extinction coefficients in the analyzed wavelength
range). Assuming an alumina volume fraction of 15% in the
intruded region, the index of the intrusion layer can be cal-
culated to be approximately ny,, = 1.646. Considering that the
value is very close to the index of pure PSU and that the intru-
sion layer is estimated to be an order of magnitude thinner than
the total thickness of the deposited film, the refractive index of
this intrusion region is assumed identical to that of pure PSU.
This assumption avoids the introduction of a fourth layer in
the optical model, which would significantly complicate data

analysis. The optical dispersion of the PSU Cauchy layer is
taken from the ellipsometry results for PSU layer deposited on
glass. For the AKP-50 support, the linear model or exponential
model can be used to describe the variation in void fraction. In
the case of the exponential model, the curvature (exponent fit
parameter, ) was first determined from bare AKP-50 and then
held fixed. Also the void fraction of the bulk alpha alumina
substrate (p) is determined from bare AKP-50 and held fixed.
These assumptions are considered viable and substantially de-
crease the amount of fit parameters in the multilayer model for
the deposited sample.

The remaining fit parameters in the Multilayer Model are the
thickness of the PSU layer (comprising the intrusion region) h,,
thickness of the remaining roughness layer k), and the average
value v and gradient g of the void fraction of the remaining
roughness layer. For both models the refractive index profiles
are presented in Figure 10, together with the profile obtained
from AFM for reference. Figure 11 shows the fit to psi and

30
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2 \ Delta 2158
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Figure 11. Psi and delta fit results of the multilayer models for ~1100 nm
PSU layer deposited on AKP-50 based on the exponential model.

delta parameters measured for the coated sample. The model
fitting is performed in the wavelength range of 450—1000 nm
and with angle of incidence of 70°.

The model fitting results are also presented in Table 3. For both
models, the MSE value is relatively high (exponential MSE = 33,
linear MSE = 35); however, the calculated thickness of the
deposited PSU layer agrees excellently with the value obtained
for the film before floating from a glass support. The high MSE
is probably due to the complexity of the models and limited
validity of the assumptions made. In particular, the intrusion
layer may in fact comprise PSU, alumina, and remaining void
and the assuming identical refractive index for the intrusion
region and PSU contentious. Even though, the exponential

(a) Exponential (b) Linear
1.7 1.7
bare AKP-50
4.6 Exponential Model . < 1.6
—_— 1
< 5] J N y coated AKP-50 15] coated AKP-50
<>1>< . : Exponential Mode! . Linear Model
2 14 l 141
5 'Estimated intrusion
= 1.3 1y ~S0nm 1.3
& 1.2 ! 1.2 \L\A
o 124 ' 24
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o 114 : AFM profiie 11 bére AKP-50 4— AFM profile
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Figure 10. Optical index profile for PSU film deposited on AKP-50 compared with bare AKP-50 (obtained previously) and AFM profiles for
exponential and linear profile based models; symbols are guides for the eyes.
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Table 3. Model Fitting Results for the AKP 50 Coated with PSU Layer at 70° Angle of Incidence and Wavelength Range of

450—1000 nm*”

uncoated AKP 50, MSE linear = 1.2, MSE exponential = 2.7

AKP 50 coated with PSU, MSE linear = 35 MSE exponential = 33

mean void
fraction in
surface layer,

thickness of
surface layer,

gradient in
the surface

model h (nm v (%) layer, g (%)  exponent, e
linear 193.1 + 1.8 57.0 +£ 0.2 629 + 0.7
exponential 336.6 + 2 76.5 + 0.1 104.3 + 1.1 2.16 + 0.04

thickness of ~ mean void
porosity of surface fraction in  gradient in
the support, thickness of PSU layer, h, surface layer, the surface
p (%) layer, h, (nm) (nm) v (%) layer, g (%)
39.8 £ 0.1 11107 £ 1 134 £ 22 S5 £125 54+ 11
380+ 0.6 11093 + 1 181 + 49 59+3 63+ 8

“For the sample coated with PSU layer, exponent (e) and bulk porosity (p) were held the same as for the uncoated sample.

model seems to represent the curved index AFM profile very
well and remains consistent with respect to the index profile of
a bare AKP-50 as shown in Figure 10a. On the basis of this
model, the thickness of the intrusion region is estimated at
about 90 nm.

In the case of the linear model, the refractive index profile
shows large deviations from the AFM data and from the model-
ing results for the bare support. In particular, the slope of the
void fraction is too high. Moreover, for the linear model the
uncertainties in the fitting parameters are relatively large. The
oscillating pattern of psi with wavelength, related to the PSU
layer on top of the sample, is captured much less accurately in
comparison to the Exponential Model (Figure 11). The reason
for the linear model to be less appropriate as compared to the
exponential model is the loss of symmetry in the void profile
upon addition of the PSU layer. For a bare support, the curva-
ture in void profile at both interfaces is comparable, allowing
the linear model to capture the linear variation in void fraction
in the middle of the layer. When the PSU layer is added, the
curvature in the void space at the interface with the ambient is
replaced by an intrusion region, which is accommodated in the
PSU layer. The linear model is in this case forced to mimic the
curvature at the interface with bulk together with the linear
profile adjacent to it. In contrast, the exponential model in-
herently attempts to capture the curvature at the interface with
the bulk. In the case of a bare support, the exponential model fails
to describe the curvature in void fraction at the interface with the
ambient, which in the multilayer model is replaced by the
intrusion region. Consequently, the exponential model appears
more appropriate for a support with thin polymer film, as com-
pared to the linear model.

It has to be emphasized that, despite the high MSE, the
exponential model is intended primarily to observe changes in
thickness and refractive index of the thin polymer layer, under
permeation and sorption experiments. Thickness changes are
strongly related to the shifts in the oscillating pattern observed
both in psi and delta measured data, as shown in Figure 11. It is
plausible that the sensitivity to thickness changes is sufficient to
obtain meaningful thickness variation data (swelling) in realistic
membrane application conditions.

5. CONCLUSIONS

Variable-angle spectroscopic ellipsometry is successfully applied
to model polished porous alumina flat discs. Two optical models
are designed that consider the surface roughness of these sup-
ports as distinct layer, with a porosity profile. The first model
considers the porosity profile to be linear; the second model
assumes an exponential profile. Density profiles generated by
both models are physically realistic and correspond well with
atomic force microscopy and mercury porosimetry. The models
are extended to accommodate a thin polysulfone film placed on

942

top of the alumina support, representative for a composite mem-
brane. The supported polysulfone layer can be appropriately fit
using the exponential model. This indicates that the approach
can be used to obtain meaningful information on the in situ
swelling behavior of thin dense supported membranes.
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