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Abstract: Multilayer thin films consisting of layer-pairs of oppositely charged macrocycles (nickel phthalo-
cyanine tetrasulfonate, NiPc) and macromolecules (poly(diallydimethylammonium) chloride, PDDA) were
fabricated using self-assembly techniques. The film structures were characterized with X-ray reflectometry,
from which the roughness (∼2-7 Å) of the film growth surface, the average electron density of each layer-
pair, the mean thickness of the layer-pairs (∼10.5 Å), and the overall thickness of the multilayer samples were
deduced. Measurements of film thicknesses were applied as constraints to an analysis of spectroscopic
ellipsometry measurements of the films. Imposition of these constraints increased the confidence of the optical
constant refinements deduced from ellipsometry. We find, for multilayers of PDDA and NiPc, a refractive
index ofn ≈ 1.6-1.8 in the nonabsorption region of the visible and near-infrared (IR) spectrum and an extinction
coefficient in close agreement with the measured electron optical absorption at 630 and 665 nm. Atomic
force microscopy was also used to observe surface morphology and determine grain size distribution and
roughness for selected films. An increase in surface roughness (∼5-15 Å) was observed as the number of
layer-pairs in the film increased from 3 to 27.

Introduction

Fabrication of multilayer thin films is becoming increasingly
important in applications using optical waveguides and other
integrated optical devices, for example, display devices, since
unusual optical phenomena occurring at the interfaces in
multilayered structures can be exploited for these applications.1-5

In contrast to monolayer films,6-12 the structures, chemistry,
and electronic properties of interfaces, which give rise to

desirable optical behavior, also complicate the fabrication of
multilayered structures. For example, strain across internal
interfaces, chemical interactions, and electronic properties, for
example, compatibility of work functions, at the multilayer
interfaces must be optimized in order to maintain structural
regularity and integrity.

The multilayered structures are typically grown on inorganic
oxide surfaces. These surfaces are usually terminated with
hydroxyl groups (e.g., silica,13,14which has approximately five
hydroxyl groups per nm2). Disassociation or replacement of
the hydroxyl proton will cause the surface to become slightly
negatively charged. The surface charge density is affected by
a variety of factors including temperature, pH in solution, and
other chemical elements present in or on the substrate surface.
For example, at 25°C and pH) 8, the surface charge density
of silica is about 0.24 charges per nm2.15 These negatively
charged surface sites do not interact strongly with monovalent
cations but do serve as anchor sites for covalently bound
polycations or large charged clusters; therefore, charged-ordered
thin films can be fabricated by taking advantage of the slightly
negatively charged surface sites by first depositing a positively
charged organic material.

Molecular self-assembly that exploits charge attraction be-
tween oppositely charged materials is used to fabricate multi-
layered structures in a layer-by-layer manner.16-22 From a
processing point-of-view, molecular self-assembly is interesting,
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because the technique is readily adapted for automated fabrica-
tion; however, the technique relies upon charge-charge interac-
tions, which are weaker than covalent bonds. In some cases,
the mechanical and chemical robustness of multilayered struc-
tures fabricated with molecular self-assembly can be an issue
if, for example, the structures were used in devices exposed to
a changing environment.

In this manuscript, a process for fabricating mechanically and
chemically robust positively charged poly(diallydimethylam-
monium) chloride (PDDA) and negatively charged nickel
phthalocyanine (NiPc) thin-film structures grown directly on
transparent silica substrates using molecular self-assembly is
described (Figure 1). To gauge the success of thin-film
formation, X-ray reflectometry, atomic force microscopy (AFM),
optical electronic absorption, and spectroscopic ellipsometry
were used to characterize the PDDA-NiPc system. Small-angle
X-ray reflectometry provides information about the electron
density profile and thickness of the multilayer and the roughness
of the growth interface. AFM explores surface topology and
surface roughness. Optical absorption gives information about

the molecular orientation and amount of materials in the sample.
Finally, spectroscopic ellipsometry gives the complex dielectric
function of the film, provided its thickness is known (in this
work film thickness was measured using X-ray reflectometry).
Characterization of the linear optical components of the
dielectric function, that is, the refractive indexn and the
extinction coefficientk, can be done with a high degree of
confidence when information obtained from reflectometry and
ellipsometry is combined. This characterization serves as a
foundation for later understanding of the nonlinear optical
behavior of the multilayered structures.

Experimental Section

Materials. The chemicals were purchased from Aldrich and used
without further treatment. PDDA was obtained as 20 wt % in water
solution. All dipping solutions were prepared with deionized water.
Glass substratessmicroscope slides for both X-ray and ellipsometry
measurementsswere obtained from Fisher Scientific or VWR Scientific.
X-ray reflectivity measurements were carried out with both thick (1
cm) and thin (0.5 mm) silicon wafers (Siltec Silicon).

Preparation of Self-Assembled Multilayers. Silica substrates were
cleaned using a detergent solution in an ultrasonic cleaner and rinsed
in deionized water. After being rinsed, the substrates were immersed
in the positively charged PDDA polymer at a 10 mM concentration
for about 5 min. Because positively charged polymers are attracted to
the negatively charged substrate surfaces, a monolayer of PDDA will
spontaneously disperse on the substrates. Next, the coated substrates
were washed with deionized water five times to ensure that all the
nonadsorbed materials were removed. The PDDA-coated substrates
were immersed in a 1 mMaqueous solution of NiPc for 5 min, which
was followed by again rinsing with deionized water five times. After
one dipping cycle, consisting of one dip in PDDA followed by one
dip in the NiPc solution, a layer-pair of PDDA and NiPc was formed
on the substrate surface. Additional layer-pairs were deposited to form
a multilayer, since the negatively charged NiPc surface attracts PDDA
and vice versa (Figure 1). Three samples consisting of 3, 9, and 27
layer-pairs were fabricated for both the X-ray reflectometry and
spectroscopic ellipsometry studies. Many other samples with different
numbers of deposited layer-pairs were prepared for optical absorption
studies.

X-ray Reflectometry Measurements. X-ray reflectometry involves
measuring the intensity of the X-ray beam specularly reflected by planar
interfaces in a sample relative to the intensity of the incident X-ray
beam illuminating the sample. X-rays with a wavelength ofλ ) 1.54
Å were selected using a graphite monochromator from a white spectrum
produced by an 18 kW rotating Cu anode X-ray generator. The X-ray
beam was collimated by a pair of slits between the monochromator
and sample. The intensity of the incident X-ray beam was monitored
using a scintillation detector and a Mylar sheet, which scattered a small
portion of the beam into the detector. Measurement of the intensity of
the incident X-ray beam was required in order to know the exposure
of the sample to the beam. The X-ray beam impinges onto the sample
at a glancing angle,θ (typically 1°), which is the angle between the
incident beam and its projection on the sample surface. The intensity
of the X-ray beam specularly reflected by the sample was measured
with a position sensitive detector (PSD) located 490 mm from the
sample. The recorded intensity was a Gaussian-shaped peak. The
specular reflectivity is the integral of the peak after removal of the
instrumental background, which is measured in a region of the PSD
well away from the position of the reflected beam peak. A reflectivity
profile is a collection of reflectivity measurements made for different
values of momentum transferQz, whereQz ) 4π sin(θ)/λ.

Atomic Force Microscopy. The surface roughness of 3-, 9-, and
27-layer-pair films was determined from atomic force microscopy data
obtained with a Digital Instruments Nanoscope III multimode probe.
Because of the softness of the deposited material, imaging was done
with a 200µm long silicon cantilever (spring constant≈ 0.12 N/m
and resonant frequency≈ 180 kHz) used in noncontact tapping mode.
No modification of the surface was observed after repeated scanning.
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Figure 1. The idealized linear structure of PDDA lying flat or PDDA-
(1) gives a thickness of∼4 Å (a). The idealized linear structure of
PDDA standing up or PDDA(2) yields a higher thickness value of
∼10-12 Å (b). The structure of NiPc lying flat or NiPc(1) gives a
thickness of∼4 Å (c). The structure of NiPc standing on edge or NiPc-
(2) yields a higher thickness value of∼15 Å (d). Four idealized layer-
pair combinations between PDDA and NiPc yield∼8, 16, 19, and 27
Å thickness values, respectively (e).
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A dual-mode technique was used to acquire both surface height maps
in the standard feedback mode and pseudoderivatives of surface
topography through an amplitude imaging mode. The amplitude images
allow better visualization of the grain structure by removing long-range
variations and offsets. Surface height images were used for all
calculations. Root-mean-square surface roughness was calculated with
the software supplied by the instrument manufacturer, and grain size
distributions were generated with NIH Image. A minimum grain size
cutoff of 1500 nm2 was chosen based on visual assessment of the
amplitude images.

Ellipsometry Measurements. The self-assembled thin films were
characterized with a J. A. Woollam Company variable angle spectro-
scopic ellipsometer (VASE) system. The back sides of the glass sample
substrates were roughened to suppress reflections from these surfaces.
The ellipsometric parametersψ and∆, which are related to the ellipticity
of the polarized light, were acquired at fixed angles between the light
and the sample surface normal (55, 65, and 75°, respectively) and
analyzed using the WVASE32 software package. VASE data were fit
over the spectral region of 290-1200 nm. The data sets were analyzed
using fixed layer thicknesses deduced for the multilayer samples from
the X-ray reflectometry study. This allowed determination of the optical
constants for each film without the need for an additional fitted
parameter. The optical constants of the glass substrate were determined
separately and were not allowed to vary during the data fits on the
organic multilayers. The optical constants for three organic films were
determined with direct and parametrized models (see discussion
section).

Results

In an aqueous solution, PDDA will form a uniform, nanom-
eter-thick thin film on a silica substrate, because PDDA is
attracted to the negatively charged substrate surface. A
negatively charged NiPc macrocycle will bind to the dispersed
positively charged polymeric PDDA monolayer. Multilayer thin
films were obtained by alternately dipping the sample in
solutions of PDDA and NiPc. The growth of these films was
monitored by measuring the absorption of 630 and 665 nm light
(Figure 2).

The reflectivity profiles, normalized to unit reflectivity, are
shown as a function of momentum transferQz for the three
samples withN ) 3, 9, and 27 (Figure 3). The maximum of
the reflectivity profile occurs at a value ofQz corresponding to
the condition when the X-ray radiation in the sample is
evanescent (Qz < Qc),23 and the sample surface subtends the
full width of the X-ray beam. The oscillation in the reflectivity

profiles with Qz is caused by interference between the X-ray
beams reflected by the film-air and film-substrate interfaces.
The frequency of the oscillation is inversely related to the film
thickness.

Ellipsometry measurements of the samples were made for a
variety of incident angles (55, 65, and 75°). The measured data
are called the ellipsometric parametersΨ and ∆, which are
related to the ellipticity of the reflected light. The ellipsometric
parameters for the 27-layer-pair sample measured from 300 to
1300 nm are shown in Figure 4. The major features in theΨ
and∆ parameters are due to theR andâ absorption bands in
the NiPc molecules. In the nonresonant regions, bothΨ and
∆ are fairly featureless.

Discussion

Formation of Nanometer-Thick Polymeric Films on Oxide
Surfaces. Oxide surfaces have a low negative charge density
and can be used to anchor polycations rather than monovalent
cations because charge-charge attractions are weak in water.
For example, the energy to pull apart an ion pair at a distance
of 5 Å is about 3.5 kJ/mol; therefore, a single charge interaction
is usually not strong enough to produce well-organized struc-
tures. Multiple charge attractions, however, are able to generate
good surface adhesion between films and substrates. PDDA
and NiPc have been chosen for this study because PDDA is a
hard polycation and the absorption of NiPc onto PDDA-coated
surfaces can be easily monitored with ultraviolet and visible
(UV-vis) spectroscopy.

(23) Parratt, L. G.Phys. ReV. 1954, 95, 359.

Figure 2. Optical absorption of 3 layer-pairs of PDDA-NiPc (dashed),
9 layer-pairs of PDDA-NiPc (dash-dot), and 27 layer-pairs of
PDDA-NiPc (solid). TheR andâ absorptions at 630 and 665 nm are
due to theπ-π* electronic transitions in NiPc molecules.

Figure 3. X-ray reflectivity profiles of the glass substrate (squares), 3
layer-pairs of PDDA-NiPc (triangles), 9 layer-pairs of PDDA-NiPc
(circles), and 27 layer-pairs of PDDA-NiPc (diamonds). Solid lines
are fits from the calculated model, which yields the thickness (t),
roughness (δ), and electron density (F). The curves are displaced for
the sake of clarity.

Self-Assembled Multilayers J. Am. Chem. Soc., Vol. 120, No. 34, 19988799



In an aqueous solution, the most favorable configuration of
PDDA should be a zigzag structure (Figure 1 parts a and b)
with the positive ammonium charges at maximum distance from
each other, since an interaction between these charges is
repulsive. PDDA can be packed on the oxide surface in one of
two waysseither the zigzag structure (Figure 1a) can lie flat
on the substrate with a thickness of∼4 Å or the zigzag structure
may stand up (Figure 1b) producing a film with a larger
thickness of∼10-12 Å. NiPc macrocycles can also be arranged
in one of two packing structuressone lying flat with a minimum
thickness of∼4 Å (Figure 1c) and the other standing on edge
with a thickness of∼15 Å (Figure 1d). The total number of
unique arrangements for PDDA and NiPc will be four with
thicknesses of∼8, 16, 19, and 27 Å (Figure 1e). The layer-
pair thickness observed previously for NiPc and PDDA was
∼10 Å,24 which suggests that both PDDA and NiPc adopt the
flat configuration (Figure 1 parts a and c). However, one
exception was noted previouslysthe thickness of the first
deposited PDDA and NiPc layers onsilicon24 was consistent
with a structure in which PDDA and NiPc stood up (Figure 1
parts b and d).

On the basis of an earlier study24 and the sign of the surface
charge density, the first polymeric layer that attaches to the oxide
substrate surface is PDDA. This material provides many
positively charged surface sites, which serve as a bridge for
binding the next (NiPc) layer. After one dipping cycle,
consisting of one dip in PDDA followed by one dip in the NiPc
solution, a layer-pair consisting of PDDA and NiPc was formed
on the substrate surface; thin films consisting of multiple layer-
pairs were fabricated by repeating the above sequential dipping
cycle in PDDA and NiPc. The multilayer fabrication procedure

has been automated, and thin films with selected properties and
chemical compositions have been grown with the ease of
computer control, though the samples reported here were made
by hand.

X-ray Reflectometry. The X-ray reflectivity of a thin film
depends on the variation of the electron scattering density as a
function of the depth into the film averaged over its lateral
dimensions. Typically, a reflectivity profile (see, for example,
Figure 3) is related to the squared modulus of the Fourier
transform of the variation in the electron density profile through
the Fresnel reflectivity.25 More simply, the interference between
electromagnetic waves reflected by planar interfaces is calcu-
lated with the Parratt formalism. Using this formalism, the
sample is considered to consist of layers of materials with
electron densitiesFi and thicknesses∆i. A difference, or
contrast, between the electron densities of theith layer and those
of its neighbors produces fringes or oscillations in the sample
reflectivity. The amplitude of the fringes (see, for example,
Figure 3) is related to the magnitude of the contrast, while the
frequency of the fringes is a measure of sample thickness. In
addition to the decay in the reflectivity of the sample withQz

due to the Fresnel reflectivity, the reflectivity profile may be
further attenuated by roughness at the interfaces. This decay
is related to the variation in the displacement of the interface
about the mean value from point to point across the sample in
the direction along the sample surface normal. The fluctuation
in interface height forms a distribution whose root-mean-square
width, σi, increases with the attenuation of the reflectivity profile
with Qz.

The calculated reflectivity profiles for a model structure
represented byFe (the average electron density of PDDA and
NiPc), ∆ (the thickness of the multilayer sample), andσ (the
roughness of the growth surface) are shown as the solid curves
in Figure 3. The parameters of the model,Fe, ∆, andσ, from
whichF(z) was determined by perturbing the values from initial
guesses until the difference between the observed data (O in
Figure 3) and the fitted profile was minimized.

The fitting procedure first involved determining the electron
density and roughness of the glass substrate from a measurement
with no deposited film. These values were determined to beF
) 0.59( 0.05 e/Å3 andσ ) 2.0 ( 0.2 Å and were held fixed
in subsequent fits of thin-film models to the profiles forN ) 3,
9, and 27. Deposition of PDDA onto the substrate is not
expected to alter the composition of the substrates or the
roughness of substrate surfaces. The roughness of the film-
air interface after depositions ofN ) 3, 9, and 27 layer-pairs
was found to beσ ) 2(1), 7(1), and 5(1) Å, respectively. More
importantly for the purpose of this study, which is to report the
optical constants of the films, the thicknesses of theN ) 3-, 9-,
and 27-layer-pair samples were determined to be 32(1), 95(1),
and 284(1) Å, respectively.

In contrast to our earlier report, where the thickness of layer-
pairs deposited onto Si substrates was large for smallN values
(see Figure 1 parts b and d) and approached an asymptote of 8
Å for N > 20 (see Figure 1 parts a and c), the thickness of a
layer-pair deposited on the silica substrate in the present study
was always about 11(1) Å. The lack of variability in the
thicknesses for layer-pairs grown on silica substrates compared
to those grown on Si substrates suggests that an interaction
between the substrate surface and the deposited layer-pairs may
be more important for Si substrates than for silica substrates.

Thin Film Growth Characteristics. Since NiPc has ex-
tended conjugatedπ electrons forming a cyclic tetrapyrrole

(24) Lütt, M.; Fitzsimmons, M.; Li, D. Q.J. Phys. Chem. B1998, 102
(2), 400-405. (25) Parratt, L. G.Phys. ReV. 1954, 95, 359.

Figure 4. Measured ellipsometric parametersΨ (a) and∆ (b) on 27
layer-pairs of PDDA-NiPc are shown as a function of the wavelength
at incident angles of 55° (dashed lines), 65° (long dashed lines), and
75° (dashed broken lines) along with theoretical fits from the
parametrized model (solid lines).
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structure, a film containing this compound will haveR- and
â-absorption bands at 630 and 665 nm (Figure 2). These
absorption bands can be used to monitor the changes in
electronic properties or the local solid-state environment. Figure
5a shows a measurement of the optical absorption as a function
of the number of layer-pairs. For samples withN < 50, the
absorbance of theR (630 nm,O symbols) andâ bands (665
nm, b symbols) increases linearly suggesting that each layer-
pair deposition placed the same amount of material onto the
thin film. This result is consistent with the conclusion drawn
from the X-ray reflectometry study where the average thickness
of each layer-pair was 11(1) Å forN ) 3, 9, and 27. A linear
increase in both absorption and thickness may further indicate
that local structures of PDDA and NiPc molecules do not change
for depositions numbering fewer than 50.

For N > 50, the absorbance also increased linearly, although
with a smaller slope. In other words, the same amount of

material was deposited during each dipping for depositions
exceeding 50 dippings, but the amount of deposited material
was less than that deposited during the first 50 dippings.
Alternatively, NiPc may have adopted a different packing
structure that lowered the absorption of the film. Although thick
NiPc-PDDA multilayer films were grown, the transition in the
growth of the sample forN ≈ 50 suggests the occurrence of
changes in growth morphology, growth mechanism, or molec-
ular orientation, which might affect the optical properties of
the film and growth of even thicker films.

A transition concomitant with morphological changes may
produce a perturbation of the local electronic structures of the
molecules because of alteration in the solid-state environment.
The ratio of the electronic transitions for the bands at 630 and
665 nm, which monitor the difference between these two optical
excitations, is plotted in Figure 5b. For the first four layer-
pairs, there is an adjustment of the electronic structures due to

Figure 5. (a) Plots of absorbance ofR (solid
circles) andâ (open circles) absorption bands
against the number of layer-pairs. Note that the
data fit two straight lines with different slopes.
(b) The ratio of theâ to R absorption bands is
plotted against the number of PDDA-NiPc
layer-pairs on silica. Also, note that there is a
“transition” from 40 to 60 layer-pairs, which
indicates the changes in local electronic structure
for NiPc. (c) The surface roughness of the
PDDA-NiPc system on Si versus the number
of layer-pairs shows that the transition in the
growth of PDDA-NiPc multilayers corresponds
to a change in interface roughness.

Self-Assembled Multilayers J. Am. Chem. Soc., Vol. 120, No. 34, 19988801



the influence of the newly created inorganic-organic interface.
After five layer-pairs, this ratio stabilizes at∼0.900-0.925,
which suggests films of up to 40 layer-pairs will have ap-
proximately the same electronic structures for the NiPc.
Between 40 and 80 layer-pairs, the absorbance ratio increases
to ∼1.0. The variation in this ratio from 0.9 to 1.0 is large,
suggesting less well-defined electronic structures for NiPc
molecules after 50 dippings.

Interestingly, an examination of the roughness of the growth
surfaces deduced that PDDA-NiPc layer-pairs deposited onto
Si substrates from an earlier study24 exhibited a discontinuity
occurring betweenN ) 40 and 60 like that observed in the
slopes of the absorbance data for films grown on silica (Figure
5c). The increase in roughness is indicative of changes in the
topology of the growth surface, which may produce a new thin-
film structure. This effect was not believed to be related to the
sample substrate, since the observed discontinuities in the
absorbance and fitted roughness parameters from the earlier
study were observations of films grown on different substrates.
These observations further illustrate the complexity involved
in multilayer film growth, complicated by changes perhaps in
the surface wetting properties or roughness during film growth.

On the basis of these results, we also used AFM to examine
the roughness of films on the surfaces of silica. Surface
topography and amplitude images of 3-, 9-, and 27-layer-pair
films are shown in Figure 6. While the film thicknesses increase
from 3 layer-pairs to 9 and 27 layer-pairs, rms roughnesses also
increase from 5.3 to 6.9 and 14.7 Å. These values are about a

factor of 2 higher than the X-ray results for silica substrates.
On silicon substrates, X-ray reflectivity has yielded larger
roughness values for these thin films (Figure 5c). The difference
in measured roughness between AFM and X-ray reflectivity is
expected because AFM uses a tip to probe the surface while
X-ray reflectivity employs light to measure surface roughness.

Since the NiPc molecule is a disk-shaped object with a
diameter of 21 Å and thickness of∼4 Å (Figure 1 parts c and
d) and the thickness of a layer-pair of PDDA and NiPc is 11(1)
Å, as determined by X-ray reflectometry, the NiPc molecules
are likely to lie flat on the substrate or film surface. To test
this hypothesis, changes in the absorbance of the thin films were
examined as a function of the incident angle,φ. The absorbance
of the 100-layer-pair sample is shown in Figure 7. The solid
squares are measured absorbance values atφ incident angle
normalized to the value of zero incident angle. The solid line
is derived from a simple model that assumed the NiPc molecules
to lie perfectly parallel to the substrate surface. For a disklike
molecule with 4-fold symmetry (C4), the following equation
gives the absorbance ratio of a given optical absorption band:

A0 is the absorption at 0° incidence, andAφ is the absorption at
an incident angle ofφ. The agreement between the observed
absorbance and the calculated values is good for most angles
of incidence, an observation which is consistent with the

Figure 6. 1 µm × 1 µm AFM images of the surfaces of 3-, 9-, and 27-layer-pair films. Images a-c are topographs of the surface structure for 3,
9, and 27 layer-pairs; images d-f are simultaneously taken amplitude images of the same films, respectively. The latter images are pseudoderivatives
of the structural data, used to emphasize fine structural information.

Aφ

A0
) 1 + cos2 φ

2 cosφ
(1)
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hypothesis that the NiPc molecules are mostly parallel to the
substrate surface. At higher incident angles, however, discrep-
ancies between the calculated values and experimental values
were observed. These discrepancies can be accounted for by
tilting NiPc molecules from the flat orientation (Figure 1c).

Spectroscopic Ellipsometry. Spectroscopic ellipsometry
measures changes in the polarization of light reflected from a
sample at oblique incidence.26-28 The change in polarization
is due to the optical properties of the substrate and film
overlayers, the thickness of the films, and microstructural
features of the sample such as surface or interfacial roughness.
The polarization change at a given wavelength and angle of
incidence is given by

whererp andrs are the complex Fresnel reflection coefficients
for vector components of the light beams parallel (p) and
perpendicular (s) to the plane of incidence.29-31 The ellipso-
metric parametersΨ and ∆ are measured at a variety of
wavelengths and incident angles from which the optical
constants (n andk) of the films or substrates can be deduced.

(a) Direct Method in Ellipsometric Data Analysis. With
the layer thickness held constant in the model, the two unknowns
to be determined are the optical constantsn and k at each
wavelength. The simplest approach to determining the optical
constants is to directly invert the experimentalΨ and∆ data to
obtainn andk as a function of wavelength. Since interfacial
roughness can affect the polarization of the light beam, the
values ofn and k determined using the direct method do not
necessarily represent the intrinsic optical properties of the film.
Optical constants determined in this way are referred to as

“pseudo-optical constants” (pseudo-n and pseudo-k) because
they represent the effective optical constants of the entire film
including microstructure effects and not the “true” optical
constants of the material.

A drawback of “direct method” data fits is that measurement
noise can also perturb the deduced optical constants, since the
values of n and k determined at a given wavelength are
completely independent of those determined at another wave-
length. Noise is especially troublesome for data taken from
very thin films, since the light beam travels through less material.
However, an advantage of the direct inversion method is that a
model forn andk is not required. For example, subtle structure
in the optical constant spectra can be clearly discerned from
the data (provided the data are not noisy), which may not be
discerned from a model-fitting procedure, since a model may
oversimplify the real system.

(b) Parametrized Model in Ellipsometric Data Analysis.
The optical constants of the organic films were also modeled
using mathematical functions (dispersion models) to describe
the refractive index,n(λ), and extinction coefficient,k(λ), of
the films. In this approach, parameters of a model describing
n(λ) and k(λ) are perturbed until a measure of error between
the observed data and the fitted spectrum is minimized. As in
any model-fitting algorithm, the correlation between fitted
parameters and the optimization of the parameters to a false
(local) minimum rather than the global minimum are concerns.
To minimize these concerns, the thickness of the multilayer
(often a fitted parameter in spectroscopic ellipsometry) was
constrained by the values determined by X-ray reflectometry
for the samples. This constraint enhances the confidence in
the refinement of the parametrized model.

The organic film optical constants were modeled using an
equal mixture of a standard (three-term) Cauchy relation32 and
an ensemble of three to five Lorentz oscillatorssa Bruggeman
effective medium approximation (EMA).33 The standard Cauchy
dispersion relation, which works well for modeling the transpar-
ent regions of the spectrum, is defined as follows:

whereA, B, andC are fit coefficients andλ is the wavelength
in micrometers.

Absorption was modeled using Lorentz oscillators.34,35 Each
Lorentz oscillator is defined as a function of photon energy as
follows:

whereε(E) ) (n + ik)2 is the complex dielectric function. The
fitted parameters in this expression are the dielectric function
at infinite energiesε(∞) and the amplitude (An), center energy
(En), and broadening (Γn) of each oscillator.

One advantage of the Lorentz model is that the Kramers-
Kronig (KK) relation is required between the real and imaginary
parts of the refractive index (n andk), which imposes further
physical requirements on the model solutions. An additional

(26) Kim, Y. D.; Cooper, S. L.; Klein, M. V.; Jonker, B. T.;Phys. ReV.
B: Condens. Matter1994, 49, 1732-1742.

(27) Kim, Y. T.; An, I. Anal. Chem.1998, 70, 1346-1351.
(28) Guiseppielie, A.; Pradhan, S. R., Wilson, A. M.; Allara, D. I.; Zhang,

P.; Collins, R. W.; Kim, Y. T.Chem. Mater.1993, 5, 1474-1480.
(29) Aspnes, D. E. The Accurate Determination of Optical Properties

by Ellipsometry. InHandbook of Optical Constants of Solids; Palik, E. D.,
Ed.; Academic Press: New York, 1985.

(30) Woollam, J. A.; Snyder, P. G. Variable Angle Spectroscopic
Ellipsometry, VASE. In Encyclopedia of Materials Characterization;
Brundle, R. C., Evans, C. A., Jr., Wilson, S., Eds.; Butterworth-Heineman:
Boston, MA, 1992.

(31) Azzam, R. M. A.; Bashara, N. M.Ellipsometry and Polarized Light;
North-Holland Publishing: New York, 1977.

(32) Pelletier, E. Methods for Determining Optical Parameters of Thin
Films. In Handbook of Optical Constants of Solids II. Palik, E. D., Ed.;
Academic Press: New York, 1991.

(33) Aspnes, D. E.; Theeten, J. B.; Hottier, F.Phys. ReV. B: Condens.
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Figure 7. The ratio of absorbance from UV-vis spectroscopy at
incident angleφ versus the absorbance at normal incidence (0°) is
plotted against the incident angle (squares,λmax ) 665 nm; circles,
λmax ) 630 nm). The solid line is a fit from a model assuming that
NiPc is perfectly parallel to the surface.
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advantage of all dispersion models is that mathematical functions
are used to fit for the optical constants at all wavelengths
simultaneously, which reduces the sensitivity ofn andk to noisy
data.

The refractive indexn(λ) (Figure 8a) and extinction coef-
ficient k(λ) (Figure 8b) were computed as functions of wave-
length for the direct method and parametrized models. The
refractive index is aboutn ) 1.6-1.8 in the nonresonance
regions at long wavelength; this agrees well with materials data
in the literature.36 A change in n, typical of resonance, was
observed near the absorption regions of 630 and 665 nm.
Further, the extinction coefficients deduced from the ellipsom-
etry data predict absorption bands at 630 and 665 nm, in good
agreement with the UV-vis absorbance measurement results.
The ratio of the two absorption bands,k(665 nm)/k(630 nm))
1.077 (Figure 8b), measured from ellipsometry of the 27-layer-
pair sample at 55, 65, and 75° is in quantitative agreement with
the absorbance ratio in the UV-visible spectrum,A665 nm/A630 nm

) 1.077 (Figure 2) for the same sample. The agreement is
poorer for the thinner samples,N ) 3 and 9, perhaps because
too little material was available to produce a statistically

measurable change inΨ and ∆. The confidence in the data
obtained from spectroscopic ellipsometry improves with film
thickness. The improvement is a consequence of the longer
path length through thick films, which provides greater sensitiv-
ity to the optical constants of the film. For example, the
fluctuation inn andk deduced for the 27-layer-pair sample is
negligible for the direct and parametrized methods. The
fluctuation increases to 0.02 (rms) for the 9-layer-pair sample
and 0.05 (rms) for the 3-layer-pair sample (see Supporting
Information).

Conclusions

With the combination of X-ray reflectometry and spectro-
scopic ellipsometry, the linear optical constants (n and k) of
self-assembled thin films were determined with a good degree
of confidence. The ability to measure linear optical constants
from thin films is important because this information is needed
in future studies involving the nonlinear optical properties of
polymeric materials. These materials are key to the design,
fabrication, and optimization of optical devices or modules. For
example, controlling refractive index gradient at interfaces is
the key to waveguiding in fiber optics and Mach Zender devices.
Self-assembly techniques offer tunability of refractive index and
coating thickness through layer-by-layer growth of various
molecular building blocks. Furthermore, the optical quality,
uniformity, and property of the organic thin films are manifested
from the quality of these optical parameters. X-ray reflecto-
metry provides an unambiguous measurement of thin-film
thickness, which is used to determine optical constants from
spectroscopic ellipsometry.

In the present study, NiPc-PDDA layer-pairs grown on silica
substrates were measured to be 11(1) Å thick with a surface
roughness of 2-7 Å (rms). The refraction index for these films
ranged betweenn ) 1.6 andn ) 1.8. Increases in the extinction
coefficients determined by spectroscopic ellipsometry were
observed at 630 and 665 nm, corresponding well to increases
in the absorbance of the films at these wavelengths.

A transition in the growth of PDDA-NiPc layer-pairs on
silica substrates, observed as a change in the absorbance of the
sample, occurred after about 50 layer-pair depositions. This
transition may be related to a transition indicated by a change
in surface roughness for PDDA-NiPc layer-pairs grown on a
Si substrate, which occurred between 40 and 60 layer-pair
depositions.
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Figure 8. The refractive indexn (a) and extinction coefficientk (b)
for the 27 layer-pairs of PDDA-NiPc are derived from experimentally
measuredΨ and∆ values based on parametrized models (dashed lines)
and direct methods (solid lines). Note that the resonance behavior of
the refractive index n corresponds to the absorptions in the extinction
coefficientk at 630 and 665 nm.
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