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Abstract: Hybrid thin film nanostructures composed of metal nanoparticles (NPs) and self-assembled polymer films
with different spatial distributions of NPs were analyzed by optical waveguide spectroscopy (OWS). Specifically, the
dielectric constants were calculated using effective medium theory for the incorporation of 1 vol% Au NP into the block
copolymer (BCP) films having a cylindrical nanodomain morphology. Three cases were considered: uniform distribu-
tion of NPs in the film; selective distribution of NPs only in the cylindrical domains; and segregation of NPs to the
center of the cylindrical domains. The optical waveguide spectra derived from the calculated dielectric constants
demonstrate the feasibility of experimentally distinguishing the composite nanostructures with different inner morphol-
ogies in the hybrid metal NP-BCP nanostructures, by the measurement of the dielectric constants using OWS.
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Introduction

Among numerous bottom-up routes to nanostructured
materials, block copolymer (BCP) self-assembly has at-
tracted growing attention due to the ability to self-organize
to form periodic arrays with lattice spacing in the range of
10-100 nm."? This unique class of polymers has been widely
utilized in various applications including microelectronics,
optics, and optoelectronics.”” Although single polymers or
organic-inorganic hybrid materials have been reported to act
as patterned waveguides successfully, practical use of BCPs
for waveguide applications is still limited.” To date, com-
mon analytical techniques like electron and scanning probe
microscopies, and scattering techniques have been employed
for the structural characterization of BCP morphologies.® !
However, conventional methodologies generally have major
drawbacks in terms of tedious sample preparation, limited
sensitivity, investigation limited to the sample surface, or
the use of large scale facilities with synchrotron source, etc.

We recently demonstrated that BCP thin films can act as
slab waveguides and that their dielectric constants and their
thickness can be independently measured using optical
waveguide spectroscopy (OWS)."'? In particular, depend-
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ing on the shape and volume fraction of the constituent
domains, the interaction of the incidence electric field with
the nanostructure is correspondingly modified. This is man-
ifested in the macroscopically measured dielectric constant
even though no sub-wavelength features can be directly
imaged. Effective medium theory (EMT) can then be used
to fit the measured dielectric response with models of the
film nanostructure and polymer composition.'

In this report, we examine the potential of OWS for ana-
lyzing nanostructures of BCP thin films. Specifically, using
EMT, we calculate the dielectric constants of hybrid, metal
nanoparticle-BCP composite thin films with cylindrical
microdomain morphology, and predict the OWS waveguid-
ing response. Nanoparticles have attracted much scientific
interests due to their novel properties and applications.'*'¢
The combination of BCP and nanoparticles may offer great
potential in creating new materials or devices.'™"® We con-
sider cases where metal nanoparticles are incorporated selec-
tively into different regions of the BCP nanostructure, for
which several experimental approaches have been suggested
already.”®” We consider small volume fractions of nanoparti-
cle incorporation (1 vol%) such that normal BCP nanostruc-
tures can be induced from cooperative self-assembly. Further-
more, in this dilute limit, EMT predictions are less model-
dependent,'*?' leading to reliability of the predicted results.
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Figure 1. 3D schematic illustration of the basic PS-b-PMMA/
hPMMA nanostructured thin film into which Au nanoparticles
are incorporated. Cases A to C show the different distributions of
nanoparticles considered.

BCP Model Thin Films

Figure 1 shows the basic geometry of our previously re-
ported''? BCP thin film with cylindrical morphology, along
with the three hypothetical cases of nanoparticle incorpora-
tion considered in this study. The BCP system is polysty-
rene-block-poly(methyl methcrylate) (PS-/-PMMA) with the
incorporation of poly(methyl methcrylate) homopolymer
(hPMMA) in a ratio of PS : PMMA : hPMMA =65 : 28 : 7.
hPMMA self-segregates to the center of PMMA domains
and fosters self-assembly of PMMA cylindrical morphol-
ogy for film thickness () up to ~10 times the lattice spacing
of the hexagonal cylinder array (L,~40 nm).* For the hybrid
nanoparticle-BCP structures considered, the amount of Au
nanoparticle incorporation is fixed to 1 vol% for all cases.
Case A refers to Au nanoparticles randomly distributed in
the film; case B refers to Au nanoparticles selectively incor-
porated in PMMA cylindrical domains; and in case C, Au
nanoparticles are segregated to the center of cylindrical do-
mains to form Au nanorods. In cases B and C, the actual Au
concentration within PMMA is 2.8% because Au is only
incorporated in the PMMA domains. This translates to, in case
B, an inter-particle separation of ~2 times the particle diameter.

In all cases the BCP film is structurally symmetric under
rotation about the z-axis (considering that an actual film
would consist of a number of grains with defect-free hexag-
onally ordered cylinders over ~1 um? area oriented in dif-
ferent directions.). Thus the dielectric response also has the
corresponding anisotropy, and we define:

{gx:%;g ()

/)
£=¢
Optical Waveguide Spectroscopy (OWS)

The excitation of optical waveguide modes is sensitive to
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Figure 2. OWS in the Kretschmann configuration. Electric field
distributions of waveguide modes, excited at different &, are
schematically shown as area curves within the sample film. The
corresponding minima, as would be measured in a R vs. @ scan,
are shown at the bottom. 6, is the angle of total internal reflection
for the glass-air interface.

minute changes in the dielectric constant (&) and thickness
(1) of the waveguiding layer. OWS operating in the Kretch-
mann configuration (Figure 2) is a simple set-up suited for
the investigation of thin films.* The sample film is prepared
on a glass substrate coated with a semi-transparent metal
coupling layer and mounted onto a prism in a 8- 26 angle
scanning assembly. Through the back of the metal layer,
light is coupled into the sample film. The sample film is an
optical cavity, and if thick enough (> 200 nm for typical
polymers in air), resonant waveguide modes can be excited
at specific incidence angles (6). Performing an angle scan
while measuring the reflected intensity (R) reveals the resonant
waveguide coupling modes as sharp intensity minima (Fig-
ure 2).

Waveguide modes can be excited with an electric field
polarized either perpendicular or parallel to the film surface
(p- and s-polarizations, respectively). Therefore, structural
anisotropy in the film, which leads to anisotropy in the
dielectric response, can be detected as differences in
waveguiding behaviour under different polarizations.

In the configuration outlined, the sample is a slab
waveguide in a 1D multilayer system described by = {¢g, =
g = &, & = &} and thickness of each layer. Maxwell’s
equations can be solved for the system and the reflected
intensity at varying incidence angle & is given by the
Fresnel equations. Parameters for the sample layers may be
obtained by fitting Fresnel’s calculations to R vs. € mea-
surements.” Throughout this paper, the discussion will refer
to the use of a 43 nm thick Ag film with a 3 nm Cr adhesion
layer, and high index LaSFN9 glass prism with &= 3.406.
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Effective Medium Theory (EMT)

EMT predicts the macroscopic (effective) dielectric
response (&) of a composite material based on the dielec-
tric properties and morphology of the constituent phases. In
general, the infinite wavelength approximation is applied,
which is valid for a domain size to wavelength ratio <1/
10."*% This condition is easily met for BCP structures and
for nanoparticles, when probed with wavelengths in the vis-
ible or longer.

We have applied the Maxwell-Garnett approach (MG-the-
ory)>* in our analysis, which describes embedded domains
(d) of one material completely surrounded by another matrix
material (m):"

et () 5) @)

‘ " Em +fmq(‘9d - gm)

where fis the volume fraction, and ¢ is the average screen-
ing parameter (0 < ¢ < 1) under which any size, shape and
orientation effects are subsumed.""

In the case of PS-b-PMMA/hPMMA films probed by p-
polarization, both the cylindrical domains and the incidence
electric field are aligned to the surface normal. In this case,
g — 0, and &' = &, (¢ = 0) is the weighted average of ¢, and
&, When probed with s-polarization, the incidence electric
field is perpendicular to the array of cylindrical PMMA
domains, in which case ¢ = 1/2 and & = g, (¢ = 1/2). For
uniform nanoparticle incorporation in a matrix (3D isot-
ropy), g = 1/3.*"

In case C, the structure and dielectric response of a cylin-
drical domain with a string of Au particles embedded in the
center are clearly anistropic. MG theory has also been
extended to such geometry.”’ When probed under p-polar-
ization, &' = g4 (¢ = 0) holds as before, except that the axial
component of the cylinder dielectric constant (ef;ffll) is used.
However, when probed under s-polarization, the following
relation applies:

radial radial radial

I (gf.'y/. + gPSA) + cyl.(gc)rl. - SPSA) — &l
£ = &pg . , A= |=—
b radial radial axis

gcyl.

(gcyl. + &psA) 'fcy/.(gcyz. - &psN)
3)

The basic assumptions of the MG theory are only valid
for low concentrations of the inclusion phase (<10~
30%),"**7 especially in the case of films with high dielectric
contrast between the inclusions and the matrix.

In a different approach, Bruggeman® considered a very
different, randomly intermixed microstructure for which
there is no continuous matrix, and which is generally more

applicable for intermediate f’s:'*"

_ faq(‘ga B gc{,ff) + ﬁ)q(‘gb - gf,/f) (4)
Ept q(&, - ga[f) Ept q(& - ge[[)

where a and b are the two materials in the composite.
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Figure 3. R vs. @scan for a 464 nm thick PS-b-PMMA film with
cylindrical PMMA domains (diamonds), fitted with MG theory
calculation (line). fi4 is varied to give values of &, 4 that best
fit &,y measured by OWS. fis.. is the volume fraction of PMMA
in the polymer solution used for sample preparation.

EMTs are commonly evaluated over a wide range of
wavelengths. However, waveguide modes are usually
excited at only one wavelength in OWS. We shall assume
A =632.8 nm (HeNe laser) throughout this study.

To illustrate how EMT can be applied to OWS experi-
ments, we first compare a R vs. & scan for a PS-b-PMMA/
hPMMA film (#; = 464 nm)"" with MG theory fitting as
shown in Figure 3. As described above, the s-polarization
plot was fitted with eq. (2) using ¢ = 1/2, and the p-polariza-
tion plot was fitted using ¢ = 0. The fitted & values are
inserted into Fresnel equations to generate R vs. & curves.
Excellent agreement is achieved in the fitting of waveguide
mode coupling angles, and there is a fair agreement in the
fitted volume fraction (fi/; ) compared to the ideal volume
fraction (fi..,) in the polymer solution used in sample prepa-
ration.

EMT and Optical Spectra Predictions

& and & were calculated for cases A to C by the MG
approach and the results are displayed in Table I. We
assume #,= 400 nm. For case A, eq. (2) was first used to cal-
culate &, for both PS and PMMA filled with 1 vol% Au
nanoparticles, by assuming ¢ = 1/3. Then using PS-1%Au
as the matrix and PMMA-1%Au as the cylindrical phase,
eq. (2) was reapplied to calculate £" = £,5(g = 0) and &' =
&uc(q = 1/2) for the cylinder array geometry. The calcula-
tion for case B is analogous to that for case A, but with PS
as the matrix and PMMA-2.8%Au as the cylinder domains.
For case C, the dielectric response of the PMMA-Au cylin-
der is anisotropic. Therefore we first calculate the dielectric
constant of the cylindrical domains in the radial direction,

radial

&y by applying eq. (2) using ¢ = 1/2, & and &,,; and
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Table 1. Calculated Dielectric Constants of Hybrid Au Nano-
Particle/PS-b-PMMA Films. Dielectric Constants Used
are?®: g,0=2.53; Eppa =2.22; &4, =-11+ 1.33i

Total Auvol%=1% &" (normal to surface) &' (parallel to surface)

No particles 2422 2.417

Case A (MG-theory) 2.580+0.019 2.575+0.019
Case B (MG-theory) 2.559+0.015 2.558+0.014 i
Case C (MG-theory) 2.287+0.013 i 2373+0.010;
Case C (Distributed) 2.461+0.138 i 2473 +0.137 i

along the cylinder axis, &, using ¢ = 0. For the combined
film, & was obtained from gj}'fi", &ps, and applying equation
2 (g =0). £ was obtained from eq. (3).

A compact string of Au nanoparticles might be difficult to
realize experimentally. Therefore we also considered “case
C-distributed” where there is a Gaussian distribution of par-
ticles centred about the axis of the cylindrical domain. We
assume that half of the nanoparticles are concentrated
within a central cylindrical region with a diameter 1/4 of the
whole PMMA domain. We segment this distribution into 5
concentric regions each of which is decorated with uniform
nanoparticle content and apply the EMT procedure to suc-
cessive layers. The highest concentration of particles in the
centre is 26% where MG theory is likely to break down.
Thus for segments with concentrations > 10%, we used the
Bruggeman approach.

Optical waveguide spectra (R vs. 6) were derived based on
the values listed in Table I. Figure 4 shows the spectra for
cases A and B compared with the unloaded BCP film. In both
cases A and B, the dielectric constants, thus the waveguide
mode coupling angles, are shifted to far higher values in-

)

0.6 fme™

04 b p-pol
T 02f —— No particles
- Case A - MG Theory
§ Case B - MG Theory
£ 4
= o
= 4
[*4

0.0 L by | IR AT A A | PP S | PP A, | A A A

20 30 40 50 60 70

Incidence angle (#/degrees)

Figure 4. Optical waveguide spectra calculated for cases A and B
(squares and open circles, respectively), compared with the same
film with no particles (line), based on MG theory (Table I). Film
thickness is 400 nm for all cases.
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Figure 5. Optical waveguide spectra calculated for case C
(dashed line) compared with the same film with no particles
(line). Case C-distributed (open squares) refers to incomplete Au
nanoparticles segregation to the center of PMMA domains. Film
thickness is 400 nm for all cases.

duced by the dilute Au inclusions, reflecting the large com-
plex dielectric constant of Au nanoparticles. Conversely, we
did not observe appreciable changes from dielectric parti-
cles at this concentration (data not shown). The minima for
cases A and B are also shallower than for the unloaded BCP
film, indicating increased absorption due to the metallic nature
of the nanoparticles. This effect is especially pronounced
under s-polarization because of additional screening effects
of the cylindrical morphology (EMT does not consider scat-
tering effects.). The angular shifts are very large (4 °~5°) rel-
ative to the typical angle resolution of ~10° degrees in
OWS, and the spectra between the original and Au nanopar-
ticle loaded films can be unambiguously distinguished.

Figure 5 shows the comparison between case C and the
unloaded film. It is interesting to observe that waveguide
coupling minima are shifted to lower angles. Since the nano-
particles are concentrated to form quasi-1D nanorods, the
incidence electric field is minimally perturbed by the Au
incorporation and there is a more direct averaging of the
dielectric response of the polymer with the negative real part
of g,,. In contrast, in cases A and B, since the Au nano-
particles are dispersed in the polymer matrix, the higher
polymer-Au interfacial area and the spherical geometry
contribute to higher &, and coupling angles. This effect is
most pronounced for case A, because the nanoparticles are
distributed uniformly throughout the entire film. Thus the
magnitudes of dielectric constants are in the following
order: case A > case B > neat BCP film > case C.

Case C-distributed, also shown in Figure 5, shows what
might be expected if segregration of the Au nanoparticles
to the center of the PMMA domains is incomplete. As
expected, the dielectric constants and waveguide coupling
angles for case C-distributed are in between those of cases
B and C, because as the Au nanoparticles in case C become

Macromol. Res., Vol. 15, No. 3, 2007
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less concentrated to the center of the cylindrical domains,
the structure approaches that of case B. In fact, comparison
of the coupling angles of a sample with calculations based
on the ideal cases of B and C could be a measure of the
degree of Au nanoparticle segregation to the center of
PMMA domains.

The angle minima for case C-distributed are the most
broad and shallow among all structures (highest absorp-
tion). This observation results from the high effective con-
centration of Au at the centre of the PMMA domains (26%),
but the effect could simply be due to limitations of the EMT
model as one departs from the dilute limit.

Conclusions

For a set of model, PS-6-PMMA thin films exhibiting
self-assembled cylindrical morphology with 1vol% Au
nanoparticle incorporation, dielectric constants were calcu-
lated using EMT. It was found that nanostructured films
with Au particles dispersed throughout the whole film, and
those with selective incorporation in the PMMA domains,
display similar dielectric constants that are significantly
larger than that of the neat BCP film. On the other hand,
selective Au inclusion at the centre of cylindrical PMMA
domains exhibits significantly smaller dielectric constants
than the unloaded nanostructure.

OWS spectra derived from EMT results also illustrate
this marked contrast, and demonstrate the feasibility of
using OWS to predict and verify nanostructures of hybrid
metal nanoparticle-BCP thin films by optical measure-
ments of film dielectric constants, notwithstanding inaccu-
racies inherent in EMT modeling. More detailed and
accurate optical investigations may be obtained by mea-
surements using laser light over a range of wavelengths.***
Moreover, numerical approaches to EMT, *'*? combined
with the present analytical study, may allow for more accu-
rate predictions of the dielectric response of the model
nanostructures.

Hybrid nanoparticle-polymer thin films, such as the ones
analyzed in this study, may act as important components in
advanced photonics and nanotechnology. Our results indi-
cate that, through measurement of the dielectric constants,
OWS can serve as a relatively simple, non-destructive opti-
cal technique to characterize the nanostructure of BCP thin
films. Moreover, our calculations also demonstrate that pre-
dictions of optical properties of these nanohybrids in terms
of distribution of nanoparticles is possible in advance of
experimental studies, and could guide the fabrication and
testing of such advanced polymer films.
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