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Acoustic vibrations in free-standing double layer membranes
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We report on a Brillouin light scattering study of acoustic cxcitations in free-standing polymethyl methacry-
late (PMMA)/Si3N, double layer membranes. For vanishing-wave vector transfer along the membrane, the
observed cxcitations are a serics of longitudinal standing wave harmonics whose frequencics depend on
PMMA and Si;N, layer thickness, The associated displacement profiles below 30 GHz are largely confined to
the softer PMMA laycer with modc amplitudes significantly higher at the PMMA surface than at the free surface
of the high clastic modulus Si;Ny layer. At higher frequencies, in the vicinity and beyond the resonance
associated with the Si;N, layer, the mode amplitudes become comparable at both free surfaces. Excitations
with transverse polarization as well as waves whose amplitudes within the SizNy4 are consistent with flexural
and dilatational modes for a single layer are also observed. For certain ranges of wave vector the latter interact
and hybridizc with the harmonics arising from the PMMA layer.
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The mechanical and electrical properties of micro- and
nano-electromechanical systems (MEMS/NENS)'-* are of
current interest not only for their underlying technological
value that range from ultrasensitive sensors to drug delivery
systems but also for the opportunities they provide for fun-
damental science. Recently, increased interest in freestanding
double layer membranes,’ especially where one of the layers
is a polymer, has begun to emerge. This activity stems from
the fact that synthetic polymers offer a wealth of opportuni-
ties to design responsive structures that are triggered by ex-
ternal local stimuli such as light and heat. While the reduced
dimensions and mass give these freestanding single- and
double layer membranes unique technological advantages, it
is these same compact features that challenge characteriza-
tion of their mechanical/elastic properties. Such properties,
in turn, underlie many of the applications as well as funda-
mental physics offered by these mesoscopic mechanical
structures. The latter include vibrations in flexural
nanoresonators®, quantized phonon transport,” and search for
the quantum limit to thermal conductance.?® In addition to the
acoustic resonances in suspended membranes, associated
flexural oscillations are predicted to influence the low tem-
perature thermal conductance and the relaxation rate of
electrons,”'" Since the flexural and dilatational modes of a
double layer structure can be strongly altered from those al-
lied with a single layer, important differences in the thermal
properties of a membrane can be expected when it is config-
ured within freestanding double layer structures. These dif-
ferences are expected to be especially relevant in dielectric
and semiconductor structures where heat flow is most often
dominated by phonon transfer.

In this paper we report on a Brillouin light scattering
study on the elastic properties of freestanding poly(methyl
methacrylate)/silicon nitride [PMMA/Si;N,] double layer
nanomembranes. While the polymer is soft and widely used
as positive resist for high-resolution electron beam, deep ul-
traviolet (220-250 nm) and x-ray lithographic processes, by
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contrast, the SizNy layer is a hard, high elastic modulus ma-
terial. This large elastic mismatch strongly influences the
acoustic properties of the freestanding structure leading to
confinement of discrete, longitudinal, and transverse polar-
ized low frequency (=30 GHz) acoustic standing waves pri-
marily within the polymer layer. Their transformation to
traveling higher order Lamb waves is revealed when the
propagation wave vector is tuned away from the membrane
normal. At higher frequencies, where the Si;N; membrane
supports discrete standing wave resonances,!’ the acoustic
mode profiles permeate and extend throughout both double
layer components, The experiments also reveal elastic waves
whose amplitudes of vibration within the Si;N, are consis-
tent with flexural and dilatational traveling modes for a
single layer of Si;N, of the same thickness,!! For a specific
range of wave vectors these modes couple and hybridize
with the harmonics arising from the softer PMMA layer.
The PMMA/Si3N, double layer membranes were fabri-
cated using commercially supplied low-pressure chemical
vapor deposition silicon nitride coated (100) oriented silicon
wafers. The Si;Ny layer thickness (dg) in each instance was
fixed at 100 nm. Standard potassium hydroxide (KOH) back-
side etching techniques were used to remove the Si substrate
to produce a Si;N; membrane window of 4 X4 mm dimen-
sions. PMMA (Microchem Corp., Newton, Massachusetts,
29 /950 K in anisol) was spin coated over the membrane at
speeds ranging from 4-8 kilo-RPM and postbaked at 150°C
for 45 min, The thicknesses were determined using a spec-
troscopic thin film analyzer and we report on measurements
from three double layer samples with PMMA layer thickness
(dp) of 55,75, and 115 nm. Given the relevant dimensions of
the experiment [phonon wavelength (~300 nm), laser spot
focus (~40 um)], these double layers can hence be treated
as free standing. Brillouin light scattering (BLS) measure-
ments were performed in back-scattering (p — p+s) at ambi-
ent temperature using approximately 50 mW p-polarized
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FIG. 1. (a) Typical Brillouin spectra rccorded from a double
layer structure consisting of 100 nm (dg) SisNg and 75 nm (dy)
PMMA membrancs. Peaks obscrved for an angle of incidence 8
=()°, arc duc to the lowest lying longitudinal standing wavcs
1-3LSM? and 1LSM®, With increasing 6, transverse, flexural, and
dilatational typc modes emerge. The low frequency data connceted
by a solid line have been reduced by a factor of three. (b) Spectra
recorded from the dp=55 nm structurc over a narrow range of
#(18° =< §=24°) illustrating the hybridized H-SLW and 1LSM’
modes around 12 GHz.,

A=514.5 nm radiation. At these power density levels, no evi-
dence of photodegradation in the PMMA or Si;N, layers was
evident. The standing wave excitations were most clearly
observed at small scattering angles 6, where 6 is the devia-
tion of the back-scattered beam from the double layer
normal, Measurements were recorded when # increased
from ~0° to 70° thereby monitoring the dispersion and
transformation of discrete K, (wave vector component
perpendicular to membrane) standing wave resonances to
traveling modes with dominant in-plane wave vector
K, [=(4m/\)sin 6] character.

Figure I(a) shows BLS spectra recorded from the
75 nm(dp)/ 100 nm(dg) [PMMA/Si;N,] double layer mem-
branes for 0° =< #=<<60° i.e., its variation with K. The peaks
at 10 and 27 GHz evident from the #=0° spectra are exci-
tations with nominally vanishing K. These excitations are
respectively identified as the N=1 and 2 order longitudinal
standing modes (1LSM?, 2L.SM?) whose amplitude varia-
tion within the PMMA layer is very close to that of a stand-
ing wave with an approximate node and an antinode at the
interface and free surface, respectively. Evidence of the next
modes in this sequence, 3LSM? and 4LSM?, is found at
~44 and ~60 GHz in the spectra [Fig. 1(a)] recorded at
6=20°. The excitation at 52 GHz, is the longitudinal stand-
ing mode (1L.SM?®) closely associated with the lowest stand-
ing wave resonance in a Si;N, layer.!! Additional modes
observed at higher @ include (i) the N=1,2 transverse stand-
ing wave (1TSM?, 2TSM?) allied primarily with the PMMA
layer and, (ii) the hybridized symmetric and antisymmetric
Lamb wave (H-SLW, H-ASLW) modes originating mainly
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FIG. 2. (a) Dispersion of modces in the unsupported double layer
structure with dg=100 nm (Si3N4) and dp=75 nm (PMMA). The
cxperimental data are indicated by squares and the circular dots
represent caleulated mode frequencies. Thin solid lines are the SLW
(higher frequency) and ASLW (lower frequency) modes associated
with @ 100 nm thick freestanding Si;Ny membranc. (b) Dispersion
from the dp=55nm structurc showing hybridization between
H-SLW and 1LSM? for special angles 8. (c) The mode amplitudes
U(0) and U;(6) calculated for H-SLW at #=10° (thin lin¢) and
0=20° (dark linc) as a function of the distance (in nanometer) from
the free surface of the Si;N, membranc.

from the Si;Ny layer'!. We note that away from 8~ 0° the
classification of the modes as longitudinal and transverse,
though approximate, provides a framework to readily under-
stand the main physical character of the modes as inferred
from the acoustic displacement fields calculated by the the-
oretical model presented below. Figure [(b) shows spectra
recorded from the ¢p=355 nm structure over a narrow spread
in 6 (18° =< 0=<23°). These spectra, as discussed below, re-
veal the hybridization that occurs at ~12 GHz when the di-
latational type traveling mode associated with a Si,Ny layer
of thickness ¢s=100 nm interacts with the low frequency
harmonic 1L.SM?.

We now turn to the projected local density of states (PL-
DOS) D; that provide for the dispersion and mode ampli-
tudes of the double layer vibrations. This is evaluated within
a Green’s function formalism

D Kxy=2)=—(m)" Im G;(K,x3=z,0).

Here i refers to the mode polarization. G;; is the (x;,x;) com-
ponent of the Fourier (frequency and wave vector) domain
elastodynamic Green’s function tensor for depth x; from the
membrane surface. The method of calculation of Gj; is pro-
vided in Ref. 12.

Figure 2(a) illustrates the mode dispersions for the
dp=T75 nm double layer membrane as a function of scatter-
ing angle @ (and hence of K,;). The frequencies of the mea-
sured phonon peaks are identified by the square symbols.
The best fits (circular dots) to the data shown in Fig. 2(a) as
well as corresponding data from the other double layer struc-
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FIG. 3. Calculated mode displacements U (dotted line) and Uy
(solid line) across the thickness of the freestanding double layer for
the structure dg=100 nm and ds=75 nm corresponding to Figs. |
and 2. (a), (), and (d) arc calculated for #=12° whilc (b) and (¢) are
detcrmined at #=40° and (f) is evaluated at 6=30°.

tures (not shown) were obtained by using a single set of
elastic constants for the Si;N, and PMMA (Ci}*\'
=283.6 GPa; C3¥=854 GPa; CPYMA=838 GPa; CH}™™
=24 GPa) and their known densities (p°~=2.8 g/cm’;
PPMMA= 18 g/em?).

The phonon dispersion reveals a series of discrete excitations
which, at small scattering angles, are identified as the longi-
tudinal and transverse standing wave  resonances
(=30 GHz) displaying significant amplitude variation within
the PMMA layer. Consistent with the very soft PMMA elas-
tic modulus, the lower order (N=1-2) resonances associated
with this layer are observed below 30 GHz, with neighboring
orders separated by 17 GHz (for LSM") and 9.5 GHz
(for TSM*). Analysis of the mode displacement U5 (normal
to membrane plane) and U, (in sagittal plane, along K);) of
1LSM? (0=12°) and 2TSM” (6=40°) is shown in Figs. 3(a)
and 3(b). In addition to confirming their strong polarized
features, the displacement profiles reveal their confinement
mainly within the polymeric layer with limited variation in
the hard Si;N, membrane.

For 6~ 0° the mode amplitudes of the low frequency ex-
citations such as 1LSM’ and 1TSM’ is akin to that in an
organ-pipe with one end closed (PMMA/Si;N, interface)
and the other open (free PMMA surface).'* The Si;Ny layer
thus acts effectively as a barrier to these excitations within
the PMMA layer. For frequencies far removed from the reso-
nances associated with a single Si;N, layer, the amplitudes at
the PMMA/Si3N, interface approximate a node and an anti-
node at the free PMMA surface. The corresponding frequen-
cies are hence approximated by f,=[(2n+1)V£,1/4dp where
V£ and V4 represent the transverse and longitudinal velocity
of the PMMA layer. At #=0°, i.e., with vanishing K/, and
finite  normal wave-vector (K,) components, the
LSM” (TSM*) modes are pure longitudinal (transverse) hav-
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ing only Us (U,) displacement. At 44 GHz, corresponding to
the frequency of 3LSMP?, the amplitude at the interface is
poorly represented by a nodal point. As evident from Fig.
3(c) at this higher frequency 3LSM? approaches the lowest
standing wave resonance 1LSMS (52 GHz) characteristic of
the hard Si;N, layer leading, in turn, to greater penetration
into the nitride layer. Moreover, at 52 GHz (1LSM?¥) it is
evident from Fig. 3(d), that while a complete half-wave is
confined within the nitride layer, the amplitude permeates
into the softer PMMA layer yielding a profile with significant
amplitudes in both membrane components of the double
layer. In this case their frequencies are well approximated by

ﬁ,:nV‘z/2dS where V‘l5 is the longitudinal velocity corre-

sponding to the Si;Ny layer.

From the calculated dispersion [Fig. 2(a)] it is evident
that, besides the discrete standing wave resonances discussed
above, two additional modes are predicted. The dispersion of
these two excitations, when uncoupled to other double layer
excitations, is very similar to that of the symmetric- and
antisymmetric-Lamb waves (SLW and ASLW) from a single
Si;Ny membrane of thickness ds.!" The dispersion of corre-
sponding modes from a single Si;N, layer is indicated by the
thin solid lines in Fig. 2(a). The higher frequency mode of
this pair in the double layer, H-SLW, is strongly dispersive
and hybridizes with low lying discrete harmonics associated
with the PMMA membrane yielding characteristic mode re-
pulsion and opening of a gap in the dispersion [Fig. 2(a)].
Other evidence of acoustic mode hybridization has been ob-
served between the Rayleigh wave and the longitudinal reso-
nance in bulk Si with a patterned periodic grating on the
surface." The lower frequency mode (H-ASLW) reveals a
relatively modest variation in frequency (~10 GHz) for
0° < #=<70°. In this case its hybridization with 1TSM? for
6~ 30°-45° is revealed by a frequency downshift compared
to that in a single SisNy membrane in Fig. 2(a). Figures 3(e)
and 3(f) illustrate the mode amplitudes associated with
H-SLW and H-ASLW at 21 and 4.5 GHz calculated for
#~40° and 30°, respectively. The profiles of the H-SLW
and H-ASLW modes inside Si;N4 of the double layer are
similar to that of SLW and ASLW in a single SisN; mem-
brane, respectively.!!

Experimental confirmation of the coupling between
H-SLW and ILSM? is evident in Fig. 1(b) recorded for the
dp=55 nm structure in the immediate vicinity of the mode
crossing region. At #=18°, around 12.5 GHz only 1LSM? is
evident in the BLS spectrum. The intensity of this mode is
largely derived from the relatively large amplitude (U;) of
1LSM” that contributes to the ripple mediated scattering.
The absence of the second mode, the hybridized-surtace
Lamb wave (H-SLW), at =18 is due to its weaker U,
component. As ¢ increases from 18° to 22°, stronger
SLW-1LSM?* hybridization results in enhancement of the U
amplitude of H-SLW, leading to the appearance of both
coupled modes as a doublet in the BLS spectrum [Fig. 2(b)].
Hence as 6 is gradually tuned within a narrow window
18° = 0=22° the relative strength of the doublet switches
intensity reflecting the changing mode hybridization. Beyond
0>24°, the hybridization is rapidly weakened and once
again only 1LSM” is observed in the light scattering spec-
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trum. These changes in peak intensities are consistent with
the calculated mode amplitudes {/; and U5 of H-SLW deter-
mined at #=10° and #=20° and illustrated in Fig. 2(c) in
comparison to the corresponding amplitudes of 1L.SM?. Due
to their smaller frequency separation, the corresponding dou-
blet in the thicker membranes (dp=75 and 110 nm) was
barely resolved in the BLS spectra.

Flexural- or dilatational-type vibrations associated with
the soft PMMA layer are not evident both in our experiments
and calculations. Their nonappearance is due to the lower
frequencies and large elastic mismatch between PMMA and
Si3N4 layer. The resulting displacement profile within the
PMMA layer has an approximate node at the interface lead-
ing to the absence of such flexural and dilatational type
waves associated with the PMMA layer.

In conclusion, we have investigated the acoustic phonon
properties of free standing double layer membranes com-
posed of layers with distinctly different elastic properties.
Detailed understanding of the acoustic modes in such tree-
standing structures and their BLS spectra provide for a non-
destructive diagnostic method for evaluating the mechanical
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properties of mesoscopic double layer systems. The spatial
confinement of acoustic vibrations result in longitudinal and
transverse standing wave resonances that are primarily con-
fined within the soft PMMA layer at frequencies well below
the fundamental resonance associated with the hard SisNy
membrane. At higher frequencies the resonances permeate
throughout the structure. At finite 8, modes whose ampli-
tudes of vibration within the Si;N; are consistent with flex-
ural and dilatational modes for a single layer are observed to
hybridize with the harmonics arising from the softer PMMA
layer along certain propagation directions. The absence of
corresponding low order surface Lamb modes associated
with the PMMA layer illustrates that surface-related vibra-
tions of an elastically soft freestanding membrane can be
dramatically modified when tailored as a component within a
double fayer membrane.
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