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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 excitations in free-standing polymethyl methacry-
late (PMMA)/Si;N, double layer membranes. For vanishing-wave vector transfer along the membrane, the
observed excitations are a series of longitudinal standing wave harmonics whose frequencies depend on
PMMA and SgN,4 layer thickness. The associated displacement profiles below 30 GHz are largely confined to
the softer PMMA layer with mode amplitudes significantly higher at the PMMA surface than at the free surface
of the high elastic modulus N, layer. At higher frequencies, in the vicinity and beyond the resonance
associated with the §N, layer, the mode amplitudes become comparable at both free surfaces. Excitations
with transverse polarization as well as waves whose amplitudes within §Ng &ie consistent with flexural
and dilatational modes for a single layer are also observed. For certain ranges of wave vector the latter interact
and hybridize with the harmonics arising from the PMMA layer.
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The mechanical and electrical properties of micro- andcontrast, the 3N, layer is a hard, high elastic modulus ma-
nano-electromechanical systerddEMS/NENS' are of terial. This large elastic mismatch strongly influences the
current interest not only for their underlying technological acoustic properties of the freestanding structure leading to
value that range from ultrasensitive sensors to drug delivergonfinement of discrete, longitudinal, and transverse polar-
systems but also for the opportunities they provide for fun-zed low frequency <30 GH2 acoustic standing waves pri-
damental science. Recently, increased interest in freestandimgarily within the polymer layer. Their transformation to
double layer membranésespecially where one of the layers traveling higher order Lamb waves is revealed when the
is a polymer, has begun to emerge. This activity stems fronpropagation wave vector is tuned away from the membrane
the fact that Synthetic polymers offer a wealth of OppOI’tUﬂi-normaL At h|gher frequencies, where thQ,)|‘$4 membrane
ties to design responsive structures that are triggered by eXupports discrete standing wave resonarhtéke acoustic
ternal local stimuli such as light and heat. While the reducegyqge profiles permeate and extend throughout both double

dimensions and mass give these freestanding single- angyer components. The experiments also reveal elastic waves
double layer membranes unique technological advantages, i, ose amplitudes of vibration within the ;8i, are consis-

is these same compact features that challenge characterizgn, \itn flexural and dilatational traveling modes for a

tion of their mechanical/elastic properties. Such propertlesSingle layer of SN, of the same thicknesd.For a specific
in turn, underlie many of the applications as well as funda-

mental physics offered by these mesoscopic mechanicéﬁ?r??hgfhgrﬁgniiczrz.;heffgmrqﬁgessoff:rugll\eﬂ,\;Txdlahgfr'd'ze
structures.  The latter include vibrations in flexural V! ! ISIng Yer.

nanoresonatofsquantized phonon transpdrand search for The PMMA/SEN“ dpuble Iayer membranes were fabr_i—
the quantum limit to thermal conductarfctn addition to the ~ cated using commercially supplied low-pressure chemical

acoustic resonances in suspended membranes, associaf@@Or deposition silicon nitride coatéti00) oriented silicon
flexural oscillations are predicted to influence the low tem-wafers. The SN, layer thicknes<dg) in each instance was
perature thermal conductance and the relaxation rate dfxed at 100 nm. Standard potassium hydroxid®H) back-
electrong’10 Since the flexural and dilatational modes of aside etching techniques were used to remove the Si substrate
double layer structure can be strongly altered from those alto produce a $N, membrane window of A4 mm dimen-
lied with a single layer, important differences in the thermalsions. PMMA (Microchem Corp., Newton, Massachusetts,
properties of a membrane can be expected when it is configz % /950 K in anisol was spin coated over the membrane at
ured within freestanding double layer structures. These difspeeds ranging from 4-8 kilo-RPM and postbaked at 150°C
ferences are expected to be especially relevant in dielectri®r 45 min. The thicknesses were determined using a spec-
and semiconductor structures where heat flow is most ofteffoscopic thin film analyzer and we report on measurements
dominated by phonon transfer. from three double layer samples with PMMA layer thickness
In this paper we report on a Brillouin light scattering (dp) 0f 55, 75, and 115 nm. Given the relevant dimensions of
study on the elastic properties of freestanding gathyl ~ the experimen{phonon wavelengtli~300 nm, laser spot
methacrylat@silicon nitride [PMMA/SisN,] double layer focus(~40 um)], these double layers can hence be treated
nanomembranes. While the polymer is soft and widely usees free standing. Brillouin light scatterin@LS) measure-
as positive resist for high-resolution electron beam, deep ulments were performed in back-scatter{pg— p+s) at ambi-
traviolet (220—250 nm and x-ray lithographic processes, by ent temperature using approximately 50 mjvpolarized
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FIG. 1. (a) Typical Brillouin spectra recorded from a double FIG. 2. (a) Dispersion of modes in the unsupported double layer
layer structure consisting of 100 nifdg) SisN, and 75 nm(dg) structure withds=100 nm(SizN,) and dp=75 nm (PMMA). The
PMMA membranes. Peaks observed for an angle of incidehce experimental data are indicated by squares and the circular dots
=(", are due to the lowest lying longitudinal standing wavesrepresent calculated mode frequencies. Thin solid lines are the SLW
1-3LSM and 1LSM. With increasing, transverse, flexural, and (higher frequencyand ASLW (lower frequency modes associated
dilatational type modes emerge. The low frequency data connectedgith a 100 nm thick freestanding 38, membrane(b) Dispersion
by a solid line have been reduced by a factor of thtbpSpectra  from the dp=55 nm structure showing hybridization between
recorded from thedp=55 nm structure over a narrow range of H-SLW and 1LSM for special angle®. (c) The mode amplitudes
0(18°< #=<24°) illustrating the hybridized H-SLW and 1LS®M  Uj(6) and Us(6) calculated for H-SLW at=10° (thin line) and
modes around 12 GHz. 0=20° (dark line) as a function of the distan¢& nanometerfrom

the free surface of the i, membrane.
A=514.5 nm radiation. At these power density levels, no evi-

dence of photodegradation in the PMMA 0g$j layers was ~ from the SiN, layerl. We note that away fron#~0° the
evident. The standing wave excitations were most clearlylassification of the modes as longitudinal and transverse,
observed at small scattering angigswhere¢ is the devia-  though approximate, provides a framework to readily under-
tion of the back-scattered beam from the double layektand the main physical character of the modes as inferred
normal. Measurements were recorded whenincreased from the acoustic displacement fields calculated by the the-
from ~0° to 70° thereby monitoring the dispersion and oretical model presented below. Figuré)jlshows spectra
transformation of discreteK, (wave vector component recorded from thel,=55 nm structure over a narrow spread
perpendicular to membrapestanding wave resonances to in ¢ (18°< #=<23°). These spectra, as discussed below, re-
traveling modes with dominant in-plane wave vectoryea| the hybridization that occurs at12 GHz when the di-
Ky[=(4m/N\)sin 6] character. latational type traveling mode associated with gh\Silayer
Figure Xa) shows BLS spectra recorded from the of thicknessds=100 nm interacts with the low frequency
75 nm(dp)/100 nnm{dg) [PMMA/Si3N,] double layer mem-  harmonic 1LSM.
branes for 0% §<60° i.e., its variation withK,. The peaks We now turn to the projected local density of state&-
at 10 and 27 GHz evident from th=0° spectra are exci- DOS) D; that provide for the dispersion and mode ampli-
tations with nominally vanishind<,. These excitations are tudes of the double layer vibrations. This is evaluated within
respectively identified F:a\s thksI:Pl and 2 order longitudinal a Green’s function formalism
standing modeg1LSM", 2LSM") whose amplitude varia- 5 L ) 9
tion within the PMMA layer is very close to that of a stand- Di(w”,Kix3=2) == (m) " Im G;i (K. Xs = 2,07).
ing wave with an approximate node and an antinode at thélerei refers to the mode polarizatio@; is the(x;,x) com-
interface and free surface, respectively. Evidence of the nexdonent of the Fourietfrequency and wave vectodomain
modes in this sequence, 3LSMnd 4LSM, is found at  elastodynamic Green’s function tensor for degstirom the
~44 and ~60 GHz in the spectrdFig. 1(a)] recorded at membrane surface. The method of calculatiorGgfis pro-
0=20°. The excitation at 52 GHz, is the longitudinal stand-vyided in Ref. 12.
ing mode(1LSMS) closely associated with the lowest stand-  Figure 2a) illustrates the mode dispersions for the
ing wave resonance in a J8i, layer!! Additional modes d,=75 nm double layer membrane as a function of scatter-
observed at higheff include(i) theN=1, 2transversestand-  ing angle# (and hence oK,). The frequencies of the mea-
ing wave(1TSM?, 2TSM) allied primarily with the PMMA  sured phonon peaks are identified by the square symbols.
layer and,(ii) the hybridized symmetric and antisymmetric The best fitgcircular dot$ to the data shown in Fig.(8) as
Lamb wave(H-SLW, H-ASLW) modes originating mainly well as corresponding data from the other double layer struc-
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ing only U5 (U,) displacement. At 44 GHz, corresponding to

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
FIG. 3. Calculated mode displacemehls (dotted ling andU; antlsymmetrlc-Lamb Wave(§LV\/11and AS.L\M frc_Jm asingle
(solid line) across the thickness of the freestanding double layer f0|s'3N4 membrane of th'Ckr_'es“tS' _The d|_sp_ers_|on of corre-
the structureds=100 nm andds=75 nm corresponding to Figs. 1 SPonding modes from a single;8, layer is indicated by the

and 2.(a), (c), and(d) are calculated fog=12° while(b) and(e) are  thin solid lines in Fig. 2a). The higher frequency mode of
determined ap=40° and(f) is evaluated a=30°. this pair in the double layer, H-SLW, is strongly dispersive

_ _ _ and hybridizes with low lying discrete harmonics associated
tures (not shown were obtained by using a single set of with the PMMA membrane yielding characteristic mode re-
elastic constants for the 3Bl and PMMA (C pulsion and opening of a gap in the dispers[@ig. 2a)].
=283.6 GPa; §,'=85.4 GPa; & M_A.=8-%n\cl5pa§ QAMA Other evidence of acoustic mode hybridization has been ob-
=2.4 GPa and their known densitiegp>"=2.8 g/cnt;  served between the Rayleigh wave and the longitudinal reso-

pPMMA=1.18 g/cm). _ _ . nance in bulk Si with a patterned periodic grating on the
The phonon dispersion reveals a series of discrete excitationg,facel4 The lower frequency modéH-ASLW) reveals a

which, at small scattering angles, are identified as the Iongifelatively modest variation in frequency~10 GH2 for
tudinal and transverse standing wave resonancego < g<70°. In this case its hybridization with 1TSMor
(=30 GH32 displaying significant amplitude variation within 9~ 30°—45° is revealed by a frequency downshift compared
the PMMA layer. Consistent with the very soft PMMA glas- to that in a single SN, membrane in Fig. @). Figures 3e)
tic modulus, the lower ordgiN=1-2) resonances associated onq 3f) jllustrate the mode amplitudes associated with
with this layer are observed below 30 GHz, with neighboringy_s1\w and H-ASLW at 21 and 4.5 GHz calculated for
orders separated by 17 GHfor LSM”) and 9.5 GHz 4 40° and 30°, respectively. The profiles of the H-SLW
(for TSMP). Analysis of the mode displacemedt (normal  and H-ASLW modes inside i, of the double layer are
to membrane planeand U, (in sagittal plane, alon¢,) of  similar to that of SLW and ASLW in a single $i, mem-
1LSMmP (#=12°) and 2TSM (#=40°) is shown in FIgS ® brane, respective[&}_
and 3b). In addition to confirming their strong polarized  Experimental confirmation of the coupling between
features, the displacement profiles reveal their confinememi-SLW and 1LSM is evident in Fig. 1b) recorded for the
mainly within the polymeric layer with limited variation in d,=55 nm structure in the immediate vicinity of the mode
the hard SjN, membrane. crossing region. AB=18°, around 12.5 GHz only 1LSRs

For 6~ 0° the mode amplitudes of the low frequency ex- evident in the BLS spectrum. The intensity of this mode is
citations such as 1LSMand 1TSM is akin to that in an largely derived from the relatively large amplitudgs) of
organ-pipe with one end close@®PMMA/SizN, interface 1. SMP that contributes to the ripple mediated scattering.
and the other opetfree PMMA surfacg®® The SiN, layer  The absence of the second mode, the hybridized-surface
thus acts effectively as a barrier to these excitations within.amb wave (H-SLW), at §=18" is due to its weaket)s
the PMMA layer. For frequencies far removed from the resocomponent. Asé increases from 18° to 22°, stronger
nances associated with a singlgh&; layer, the amplitudes at  SL.W-1LSMP hybridization results in enhancement of tHg
the PMMA/SiN, interface approximate a node and an anti-amplitude of H-SLW, leading to the appearance of both
node at the free PMMA surface. The corresponding frequencoupled modes as a doublet in the BLS spectffig. 2b)].
cies are hence approximated fQy=[(2n+ 1)V-Fr’lL]/4dp where  Hence as# is gradually tuned within a narrow window
V$ andvf represent the transverse and longitudinal velocityl8° < §<22° the relative strength of the doublet switches
of the PMMA layer. At #=0°, i.e., with vanishingK;, and intensity reflecting the changing mode hybridization. Beyond
finite normal wave-vector (K,) components, the ¢>24° the hybridization is rapidly weakened and once
LSMP (TSMP) modes are pure longitudinédkansversghav-  again only 1LSM is observed in the light scattering spec-

g @) b)  15GHz , i : :

2 ) 0 & Ljﬁ/ 2TsM u, the frequency of 3LSN, the amplitude at the interface is

£ / v oo poorly represented by a nodal point. As evident from Fig.

Eoo B u, 3(c) at this higher frequency 3LS¥Mapproaches the lowest

g RS e TS TR TR e e s standing wave resonance 1LSN62 GH2 characteristic of

z ~ us @ » the hard SjN, layer leading, in turn, to greater penetration
o pei I \\ v 52 GHz, Y into the nitride layer. Moreover, at 52 GHZLSM®) it is
2500 — Y Y E——— el evident from Fig. &), that while a complete half-wave is
£ \ / 1LSM® ; confined within the nitride layer, the amplitude permeates

R I T T R R T into the softer PMMA layer yielding a profile with significant

H amplitudes in both membrane components of the double

HIO)] 21 GH P ) H-ASLW . . . .

g GHz U | 45GHz layer. In this case their frequencies are well approximated by

goo———— . Y, U f,=nVS/2ds where V° is the longitudinal velocity corre-

= | Hesw U // : oof —— ! sponding to the SN, layer.

g 0B B0 5 160 Tas T80 s 05 E 75 160 155 T80 T35 From _the calcu_lated d|spers_|c{rF|g. 2a)] it is ewde_nt

g omy d, dg+d, (o d, d.+d, that, besides the discrete standing wave resonances discussed
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trum. These changes in peak intensities are consistent witbroperties of mesoscopic double layer systems. The spatial

the calculated mode amplitudes andU; of H-SLW deter-  confinement of acoustic vibrations result in longitudinal and

mined at#=10° and #=20° and illustrated in Fig. ) in  transverse standing wave resonances that are primarily con-

comparison to the corresponding amplitudes of 1ESBue  fined within the soft PMMA layer at frequencies well below

to their smaller frequency separation, the corresponding doype fyndamental resonance associated with the hag,Si

gfrtell;/qrgsuca)lvtgédi(r?rthg]eBTgrggggrpa_75 and 110 nt was membrane. At higher frequen.ciles the resonances permeate
: throughout the structure. At finité, modes whose ampli-

Flexural- or dilatational-type vibrations associated with oo o : .
the soft PMMA layer are not evident both in our experiments;tUOIeS of vibration within the §N, are consistent with flex-

and calculations. Their nonappearance is due to the lowdfral and dilatational modes for a single layer are observed to
frequencies and large elastic mismatch between PMMA an@ybridize with the harmonics arising from the softer PMMA
SisN, layer. The resulting displacement profile within the layer along certain propagation directions. The absence of
PMMA layer has an approximate node at the interface leadeorresponding low order surface Lamb modes associated
ing to the absence of such flexural and dilatational typewith the PMMA layer illustrates that surface-related vibra-
waves associated with the PMMA layer. tions of an elastically soft freestanding membrane can be
In conclusion, we have investigated the acoustic phonoriramatically modified when tailored as a component within a
properties of free standing double layer membranes comdouble layer membrane.
posed of layers with distinctly different elastic properties.
Detailed understanding of the acoustic modes in such free- Work at The Ohio State University was supported by the
standing structures and their BLS spectra provide for a nonNSF under Grant No. DRM 0205521 and at the Naval Re-
destructive diagnostic method for evaluating the mechanicatearch Laboratory by the Office of Naval Research.
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