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Acoustic modes and elastic properties of polymeric nanostructures
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Phonon spectra of polymeric linear nanostructures have been characterized using Brillouin light
scattering. In addition to phonon modes similar to those present in uniform thin films, the phonon
spectra of the nanolines reveal a new mode with a lower frequency that depends on the width of the
nanolines. Classic wave theory and finite element analysis were combined to identify this new mode
as a flexural vibration of the nanolines. Analysis of the phonon spectra gave estimates of elastic
constants in the nanostructures and indicated that there is no significant deviation from bulk
mechanical properties and no mechanical anisotropy in structures as small as 88 nm. © 2005
American Institute of Physics. [DOL: 10.1063/1.2119414]

Mechanical properties and the stability of nanostructured
materials are of paramount importance for a wide range of
emerging applications that span microelectronic, photonic,
nano-electro-mechanical systems, nanofluidic, and biomedi-
cal technologies. At the nanoscale, forces that are negligible
in macroscopic systems, such as surface tension, often be-
come significant. An example that is critically important to
semiconductor fabrication is the ability of a nanostructure to
resist buckling or collapse, since the capillary forces from a
rinsing liquid can destroy patterns.l_4 Polymers are often
used to fabricate nanostructures, either directly or indirectly
through a resist process. However, polymers are susceptible
to material property deviations when the relatively large
macromolecules, random coils on the order of (5—50) nm,
are confined to structures that approach these dimensions.”™
In particular, recent simulations suggest that Young’s modu-
lus of lithographically patterned polymer nanostructures de-
creases and becomes anisotropic when the feature size be-
comes comparable to a few (approximately 3) molecular
diameters.* Such a modulus reduction would magnify the
instability of structures fabricated at these length scales.
Therefore, direct measurements of elastic properties in poly-
meric nanolines are important for successfully modeling and
optimizing the mechanical behavior. Currently there is no
reliable experimental method that can provide information
on mechanical properties in soft-matter nanostructures. At-
tempts to directly measure such properties, for examgle, by
nanoindentation or a new buckling-based metrology,” often
are hampered by interactions with the rigid substrate'™'" or
are unfeasible for fragile nanostructures.

Brillouin light scattering (BLS), inelastic light scattering
from the acoustic phonons in a material, has proven effective
for quantifying elastic properties in free-standing12 and sup-
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ported films," shallow silicon gratin 5,1 photonic/phononic
crystals,ls’16 and colloidal crystals.1 18 BLS measurements
on free-standing polystyrene films showed that elastic
moduli are isotropic and independent of film thickness, A, for
films down to 4=29 nm, despite a concurrent reduction of T,
in such thin films." Recently, we reported the first BLS spec-
tra for lithographically patterned photoresist lines."” This
Letter uses BLS spectroscopy, elastic wave propagation
theory, and finite element analysis to identify the general
forms of vibrations confined in resist nanolines. These stud-
ies lay the groundwork for an experimental methodology to
characterize elastic properties and their anisotropy of two-
dimensionally confined nanostructured materials.

The specimens considered in this study consist of litho-
graphically patterned arrays of parallel lines (gratings) of a
JSR? AR237 photoresist on oxidized Si substrates with an
intermediate bottom antireflective coating (BARC) [Fig.
1(a)]. An unpatterned film of photoresist on the same sub-
strate also was studied for a reference. Grating lines of length
~10 um, height 320 nm, and widths w of 88 nm and
126 nm were studied. BLS spectra were measured in a back-
scattering geometry at six angles 6 (15°, 25°, 35°, 45°, 55°,
and 67°) between the incident beam and normal to the film
surface.

Figure 2 shows BLS spectra from the unpatterned film
and the two gratings measured at = 67°. The long dimen-
sion of the polymeric lines was in the scattering plane de-
fined by the normal and the incident beam, except for the
spectrum plotted with a dotted line in Fig. 2(c), where the
lines were oriented perpendicular to this plane. The polariza-
tion of the incident beam was in the scattering plane. No
polarization analyzer was used for the measurements, except
for spectra presented in Figs. 2(d) and 2(e) (depolarized),
where the polarization perpendicular to the incident polariza-
tion was measured. The absence of visible peaks in the spec-
trum with the lines oriented perpendicular to the scattering
plane indicates that all of the peaks arise from modes propa-
gating along the length of the lines. Through the analysis
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FIG. 1. (a) SEM image of photoresist gratings labeled with height (h), and
width (w). The lines are supported by a layered substrate: a 50 nm bottom
antireflective coating (BARC) on top of a 1 um silicon oxide substrate. (b)
Displacement patterns of the Rayleigh-type mode (left) and sub-Rayleigh
mode (right).

described below, the strongest peak at a frequency vy of
(4.29+0.05) GHz from the unpatterned film and the gratings
[Figs. 2(a)-2(c)] is identified with the lowest-frequency sur-
face (Rayleigh) wave. Peaks at higher frequencies arise from
higher-order surface (Sezawa) waves in the film or analogous
modes in the grating lines and substrate. Surprisingly, BLS
spectra of the gratings reveal a new mode below the Ray-
leigh mode, absent in the unpatterned film, with a frequency
that depends on w [Figs. 2(b) and 2(c)]. Notice that this
sub-Rayleigh (sub-R) mode is the only mode that appears in
depolarized scattering spectra from the gratings [Figs. 2(d)
and 2(e)], suggesting that it originates from displacements
perpendicular to the side surfaces of the structures. We em-
phasize that such sub-Rayleigh modes are not expected for
the BLS spectra of a supported film.”!

Traditionally, the BLS modes are analyzed in terms of
the dispersion of the sound velocity V calculated from the
mode frequency,22
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FIG. 2. Brillouin scattering spectra at §=67°: (a) unpatterned film, (b)
88 nm gratings, and (c) 126 nm gratings without polarization analyzer.
Spectra of scattered light polarized perpendicularly to the incident beam for
(d) 88 nm gratings and (e) 126 nm gratings. Peaks from Rayleigh-type,
sub-Rayleigh (sub-R) and Sezawa-type (S) modes are labeled.
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FIG. 3. Dispersion data and theoretical curves: the Rayleigh (R) and Sezawa
(S) modes from a 320 nm resist thin film (squares), 88 nm grating (circles),
and 126 nm grating (triangles); the sub-Rayleigh (sub-R) mode from 88 nm
grating (solid stars) and 126 nm grating (hollow stars). (a) Dispersion as a
function of Q(h+d). The solid curves show theoretical calculations of the
dispersion curves for a film with V;,=2.4 km/s and V,=1.3 km/s on a SiO,
substrate. (b) Dispersion as a function of Qw. The solid line shows calcu-
lated dispersion for a free-standing film with the same velocities. The closed
circles connected by lines are results of FE calculations for a flexural mode
in the nanostructure [Fig. 1(b)]. The standard uncertainties in the experimen-
tal values of v and V are £0.05 GHz and +0.02 km/s, respectively.

2mv VA
Ve ——=-—"", (1)
Oy 2siné

where Q=41 sin 6/\ is the scattering wave vector parallel
to the plane of the film, and A is the wavelength of incident
light (514.5 nm). The velocities of each BLS peak are plot-
ted in Fig. 3(a) as a function of Qy(h+d), where (h+d) is the
effective film thickness, as described below.

The well-established theory of surface waves in thin
films provides relationships between the velocities and wave
vectors in terms of the density p, longitudinal V;, and trans-
verse V, velocities of the film and the corresponding quanti-
ties of the substrate, p,, V,, and V,s.21 We use this theory to
estimate dispersion curves for modes with wave vectors par-
allel to the lines. To simplify calculations, the organic BARC
layer was approximated as having the same density and elas-
tic constants as the polymeric photoresist, and the substrate
was approximated as a semi-infinite silicon oxide (SiO,).
Thus, the effective film thickness of the lines is approxi-
mated as h+d=370 nm. The SiO, is assumed to have the
material parameters of silica (SiO,): density p,=2.2 g/ cm’3,?
longitudinal velocity V,;=5.9 km/s and shear velocity
V,;=3.8 km/ .2 V, of the photoresist was estimated
to be (2.4x0.1) km/s from the frequency spacing,
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Av=(3.25+0.10) GHz," of the longitudinal-mode BLS
peaks of the unpatterned film at 6=8°, using the relation
V,=2(h+d)Av. Since amorphous polymers typically have
very similar densities, the undetermined density of the resist
is taken to be that of polystyrene, 1.05 g/cm?. With V), p,
Vis» Vi, and pg fixed at these values and the asymptotic
Rayleigh velocity at Vz=(1.20+0.02) km/s, we estimate
V,=(1.30+0.03) km/s. The corresponding dispersion curves
are shown in Fig. 3(a), where the Rayleigh mode is labeled R
and the lowest-order Sezawa wave is labeled S. These calcu-
lations agree with the BLS measurements, which indicate
that the displacements of these modes in the nanolines are
closely approximated by those of Rayleigh and Sezawa
waves in a uniform supported film with thickness (h+d).

Theory predicts21 that velocities of Rayleigh and Sezawa
waves increase towards the substrate velocity as the phonon
wavelength (\,,=27/Q,) becomes larger than the film thick-
ness. In contrast to this behavior, V of the sub-Rayleigh
mode decreases at low Q; (Fig. 3). The peculiar dispersion of
the sub-Rayleigh mode is similar to the dispersion expected
for the lowest-order flexural modes (Lamb waves) of a
simple free-standing film. Rescaling the dispersion of the
sub-R modes to the width w of the structures [Fig. 3(b)],
instead of (h+d) as in Fig. 3(a), results in collapse of the
data for two gratings onto a single master curve, in the same
manner as for Lamb waves in films of different thicknesses.
Moreover, the dispersion of the sub-R mode is close to the
dispersion expected for the Lamb mode in a free-standing
film of photoresist with thickness w [Fig. 3(b)], but slightly
higher, as one would expect for a structure restrained at its
base by the substrate.

To explore the nature of the sub-R modes, finite-element
(FE) analyses were performed for the resonant modes of a
polymeric nanoline having a cross section of 88 nm
X320 nm with the base fixed. The FE simulations employed
a three-dimensional representation of the nanoline with a
mesh of 2 X 8 X 64 isoparametric brick elements and full in-
tegration on all terms. The material was assumed to be elas-
tically isotropic. The frequencies and eigenvectors associated
with each mode shape were found using the QR algorithm,
which is a standard eigensolver.25

A displacement pattern for one of the lowest-order flex-
ural modes determined from these calculations is shown in
Fig. 1(b). The displacements of these resonant modes are
primarily perpendicular to the line directions, consistent with
Figs. 2(d) and 2(e), where the sub-R mode is the only mode
appearing in depolarized BLS spectra. Also, the correspond-
ing phase velocities of the calculated flexural modes of the
lines agree well with the experimental data [Fig. 3(b)]. This
analysis reveals the microscopic nature of the new modes
observed in these linear nanostructures. Moreover, it sug-
gests that the modulus for shear displacements perpendicular
to the scattering plane remains unchanged within the accu-
racy of our measurements (+5%) down to structure widths
of 88 nm. These results are consistent with experiments on
free-standing 4polystyrene films'* and simulations of
nanostructures,  which do not predict significant changes in
moduli at these length scales.

In conclusion, acoustic modes in polymeric nanolines
have been identified from Brillouin light scattering measure-
ments and modeling. The identification of acoustic modes
with displacements along different directions provides the
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basis for not only determining effective isotropic moduli, but
also quantifying the anisotropy of elastic moduli arising from
nanometric dimensions. While, within the accuracy of our
measurements, neither changes in moduli nor anisotropies
were observed in nanolines with widths down to ~88 nm,
the potential to measure such changes now has been
demonstrated.
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