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By carefully tuning the thickness of a compliant thin film placed within an acoustic cavity, we achieve

coherent control of the cavity’s acoustic resonances, analogous to the operation of an optical etalon. This

technique is demonstrated using a supported membrane oscillator in which multiple high-frequency

harmonic resonances are simultaneously optoexcited by an ultrafast laser. Theoretical and computational

methods are used to analyze the selective strengthening or suppression of these resonances by constructive

or destructive interference.
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Optoexcited micromechanical resonators have recently
attracted a great deal of attention due to interesting behavior
associated with the coupling of light with high frequency
acoustic vibrational modes [1–4]. Optical actuation affords
numerous possibilities for active (excitation-based) coherent
control of vibrational dynamics [5,6]; for example, timing of
optical driving pulses [7] and tuning of optical field strength
[1] have each been demonstrated as a means to selectively
strengthen or suppress multiple resonances within a given
acoustic spectrum. Passive techniques based on free-space
optical cavities [8] or structure modification can likewise
provide coherent control; for example, optical [9] and acous-
tic [10] distributed Bragg reflectors integrated within a reso-
nator structure have each been shown to increase the
amplitude of a transduced acoustic mode.

The absorption of a femtosecond optical pulse by a
material typically results in impulsive strain that is broad-
band with a spectral width greater than 100 GHz [11]. In
free-standing membrane structures recently considered for
high-frequency (10þ GHz) acoustic resonator applica-
tions, this spectral width is large enough to simultaneously
excite the membrane’s resonant longitudinal acoustic
modes up to the 15th harmonic (285 GHz) [12,13].

Coherent control techniques to select a certain mode
from a relatively broadband comb of excited cavity modes
are relatively common in optics. In solid state lasers, optical
etalons are used to achieve tunable single longitudinalmode
output by suppressing modes that are adjacent to a selected
wavelength [14,15]. Here we propose and demonstrate an
integrated acoustic etalon as a passive means for the selec-
tive strengthening or suppression of multiple resonances
within an acoustic cavity.

We consider a supported rather than free-standing mem-
brane resonator, the former being more practical in its
ability to directly couple acoustic modes to external media.
The acoustic dynamics of supported thin films under

ultrafast laser excitation have been the subject of several
recent studies [8,16–20]. The absorption of laser pulses by
a metal transducer in contact with a relatively hard material
such as silicon or sapphire is known to lead to a train of
acoustic echoes (rather than excited vibrational modes of
the film) if the metal thickness is much larger than the
optical penetration depth [8,16]. If the transducer thickness
is reduced to the order of the optical penetration depth, direct
coupling of energy from the laser pulse to the first resonant
vibrational mode of the transducer leads to strong excitation
of thismode. Because of the small film thickness in this case,
however, higher-ordermodes are typically above the spectral
range of the transduced acoustic pulse and therefore either
absent or only very weakly excited [17,21,22].
As shown below, a compliant organic supporting film can

allow multiple vibrational modes to be strongly optoexcited
in a relatively thick metallic resonator, and furthermore can
be employed as the acoustic equivalent of an optical etalon
to control the resulting mode spectrum within the acoustic
cavity. Similar to the optical analog, this mode control is
accomplished by placing the etalon within the cavity and
utilizing its Fabry-Perot transmission maxima (at which
wavelengths the cavity field is concentrated within the etalon
[15]) or its reflection maxima (where the etalon acts as a
resonant reflector [15]) to retain or reject desired cavity
modes. For the specific acoustic etalon described here, sev-
eral transmission and reflectionmaxima fall within the band-
widthof excited acousticmodes; the etalon therefore acts as a
resonant transmitter for certain modes and a resonant reflec-
tor for othermodes; it can therefore be used to select a certain
resonant mode, tune the resonant mode frequencies, or intro-
duce additional resonances into the system.
The resonant vibrational modes of a thin film occur at

frequency spacings of v=2d, where v is the acoustic ve-
locity and d is the film thickness, while the peak frequency
of the initial strain wave caused by laser pulse absorption is
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v=2�� , where � is the optical penetration depth (approxi-
mately 8 nm in aluminum for � ¼ 1560 nm light) [11].
To significantly excite a range of resonator modes (here we
choose modes up to the 4th harmonic) therefore requires
d > 4�� � 100 nm. Because hot electron diffusion can
increase the region of thermal stress beyond the optical
penetration depth [11,23], we choose a conservative reso-
nator thickness of 200 nm. An aluminum film of this
thickness and a film of copper phthalocyanine (CuPc) are
both deposited using vacuum thermal evaporation on a
[100] silicon substrate (Fig. 1). The compliant CuPc film
is sandwiched between the Al and Si, allowing the Al
membrane to vibrate in its fundamental and harmonic
modes and acting as a Fabry-Perot etalon for the acoustic
waves which are confined in the cavity formed by the
strong acoustic impedance mismatches at the Al=air and
CuPc=Si interfaces. To demonstrate the spectral control
afforded by the CuPc etalon, a series of samples is made in
which the etalon thickness is varied from 0 to 77 nm. The
resonator is then excited and its acoustic properties char-
acterized using an ultrafast pump-probe setup in an asyn-
chronous optical sampling (ASOPS) configuration [24],
which provides a high signal-to-noise ratio (> 107) and
a high dynamic range (fs-to-ns), thereby allowing mea-
surement of GHz coherent acoustic resonances over long
times (see Supplemental Material [25] for further details).

For small values of the CuPc thickness (dCuPc < 7 nm),
the Al membrane is insufficiently decoupled from the Si
substrate for resonant membrane modes to be excited,
and the resulting time dynamics (Fig. 1) exhibit a series
of echoes that grow in intensity as the CuPc thickness
increases due to increasing acoustic impedance contrast.
For CuPc thicknesses of 7 nm and greater, the excitation
of resonant membrane modes is clearly visible; Fourier
transforms reveal the simultaneous excitation of up to five
resonant modes. This transition in acoustic dynamics from

an echo regime to a resonant vibration regime is enabled
by two effects. First, a greater CuPc thickness represents a
larger effective acoustic impedance mismatch and hence
increased acoustic confinement within the Al film. Second,
the stiffnesses of soft organic thin films have been shown to
scale inversely with the film thickness [26–28].
Supported films, when acoustically decoupled from their

surroundings, have quantized longitudinal acoustic modes at
fn ¼ nv=4d. Whether the resonator exhibits odd-order or
even-order modes is determined by the ratio of the acoustic
impedances (Zf=Zs) of the film and its supporting material

[18,29]:n is oddwhenZf=Zs<1 and evenwhenZf=Zs > 1.

The resonant frequencies of an Al=CuPc bilayer on a Si
substrate obey the following equation [21]:

rAl=CuPc exp

�
�2j!m

dAl
vAl

�

þ rCuPc=Si exp

�
�2j!m

�
dAl
vAl

þ dCuPc
vCuPc

��

� rAl=CuPcrCuPc=Si exp

�
�2j!m

dCuPc
vCuPc

�
� 1 ¼ 0; (1)

where !m is the quantized angular frequency of the
mth resonant mode, rAl=CuPc and rCuPc=Si are the

acoustic reflection coefficients at the respective interfaces,
and dCuPc and dAl are the thicknesses of the respective
films. By definition, rAl=CuPc¼ð�AlvAl��CuPcvCuPcÞ=
ð�AlvAlþ�CuPcvCuPcÞ and rCuPc=Si¼ð�CuPcvCuPc��SivSiÞ=
ð�CuPcvCuPcþ�SivSiÞ, where the assumed densities and
sound velocities are �Al ¼ 2700 kg=m3, �CuPc ¼
1600 kg=m3, and vAl ¼ 6420 m=s. While no literature
data are available for the speed of sound in CuPc, well-
calibrated measurements of organic materials such as
PMMA [poly(methyl methacrylate)] report values in the
range of 2500–3000 m=s [30]. We allow vCuPc to be the
only fitting parameter in what follows, deriving a value of
3000þ =� 200 m=s. Resonant frequencies measured for
the samples are plotted as blue circles in Fig. 2 inset, while
resonant frequencies calculated from Eq. (1) are plotted as
red lines. At zero CuPc thickness, the resonant frequencies
correspond to the odd order modes of the 200 nm Al film,
as expected for the Al=Si structure (ZAl=ZSi < 1). The
addition of the CuPc layer (ZAl=ZCuPc > 1) shifts the reso-
nant frequencies toward the even-order modes of the Al
film (fAl, dashed lines).
For certain CuPc thicknesses (at which the solid red and

dashed black lines cross), the Al=CuPc bilayer resonant
modes line up with fAl. At these thicknesses, the CuPc
layer acts as a �=4 resonant reflector, greatly increasing
the measured mode amplitude as shown in Fig. 2. Similar
to an optical etalon in a laser cavity, the CuPc film thereby
selects one (or more) of the relatively broadband comb of
resonant modes excited by the laser pulse. As shown in
Fig. 1, 18 and 50 nm thick CuPc films select the 2nd and 1st
mode, respectively; the selected mode then dominates the
ringing of the resonator after the first �250 ps.

FIG. 1. Acoustic transients of optically excited Al=CuPc films
on Siwith varied CuPc thickness. Inset: Fourier spectra of acoustic
transients for samples with 18, 50, and 77 nm thick CuPc layers.
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The acoustic reflectivity of a CuPc film sandwiched
between an Al film and a Si substrate can be calculated
through a transfer matrix approach:

RAl=CuPc=Si

¼
ðrAl=CuPcþrCuPc=SiÞ2�4rAl=CuPcrCuPc=Sisin

2
�
�
2
dCuPc
�CuPc

�

ð1þrAl=CuPcrCuPc=SiÞ2�4rAl=CuPcrCuPc=Sisin
2
�
�
2
dCuPc
�CuPc

� ;

(2)

where �CuPc is the acoustic wavelength in CuPc. Figure 3
compares the measured magnitude of each mode to the
calculated CuPc layer reflectivity, demonstrating that
the layer acts to selectively contain certain modes within
the cavity through acoustic interference (e.g., CuPc layers
corresponding to dCuPc=�CuPc of 0.25 and 0.5 represent
quarter-wavelength and half-wavelength coatings). The
fact that the mode amplitudes are observed to increase
with increasing CuPc thickness suggests that surface and
attenuation effects are small compared to the effect of
coherent reflection at the cavity walls.
We employ a finite-difference time-domain method to

compute the displacement field of each resonant mode
within the Al=CuPc bilayer. In this technique, we oscillate
the position of the Al=air interface at a certain frequency
with constant stress amplitude (1 MPa, which is realistic
for laser-excited stress in Al) and calculate the correspond-
ing standing wave at this frequency that remains when all
transients have decayed to zero. Figure 4 plots the standing
wave displacement profiles in the frequency range of
10–55 GHz for several cavities with different CuPc thick-
nesses. Resonant modes can be identified by the frequen-
cies for which the standing wave amplitude is locally
maximized; the resonant frequencies identified by this
finite-difference time-domain method are identical to those
calculated using Eq. (1). The contour plots show that
acoustic modes occur near the even order natural frequen-
cies of Al (16, 32, and 48 GHz, etc.) in samples with CuPc
and near the odd order natural frequencies of Al (24,
40 GHz, etc.) in samples without CuPc (where the low
impedance mismatch between Al and Si reduces the mode
strength). The former resonances appear in Fig. 1 as 17.9,
32.9, 47.9, and 61.7 GHz (m¼1, 2, 3, 4) in the 18 nm CuPc
sample, 15.7, 35.0, 46.4, and 58.9 GHz (m ¼ 1, 3, 4, 5)
in the 50 nm CuPc sample, and 14.3, 29.3, and 48.6 GHz

FIG. 3 (color online). Measured magnitudes for modes near
the corresponding free-standing Al film resonance as a function
of CuPc film thickness (scaled by the mode wavelength in
CuPc), demonstrating the nature of the CuPc film as a resonant
reflector. Also shown is the CuPc film acoustic reflectivity
calculated using Eq. (2). Because the initial energy in each
mode (which could provide a baseline for all modes) is not
certain, each series (1st Al, 2nd Al, etc.) is scaled by its
maximum magnitude.

FIG. 4 (color online). Calculated displacement contours for
(a) no CuPc layer, (b) 18 nm CuPc layer, (c) 50 nm CuPc layer,
and (d) 77 nm CuPc layer.

FIG. 2 (color online). Resonant frequencies of Al=CuPc films
calculated from Eq. (1) (red lines) and Fourier spectra of
acoustic transients. Dashed lines represent the natural frequen-
cies of a free-standing 200 nm thick Al film and a free-standing
CuPc film. Inset shows measured resonant frequencies as blue
circles (all points having an error of þ=� 0:7 GHz).
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(m ¼ 1, 3, 5) in the 77 nm CuPc sample, all values þ=�
0:7 GHz. For these resonances, the acoustic energy is
rather evenly distributed in the Al and CuPc films, and
the CuPc layer selects modes of the Al transducer by
promoting constructive or destructive interference.

In Figs. 4(c) and 4(d), additional modes are predicted
between adjacent Al resonances (28 GHz for 50 nm CuPc,
and 20 and 39 GHz for 77 nm CuPc). These frequencies
correspond to the Fabry-Perot resonances of the CuPc layer
itself, for which acoustic intensity in the cavity is primarily
confined within the CuPc etalon rather than in Al. The
presence of these additional modes is confirmed in Fig. 1,
where a peak at 27.1 GHz (m ¼ 2) is apparent in the 50 nm
CuPc sample and two small peaks at 20.0 GHz (m ¼ 2)
and 39.2 GHz (m ¼ 4) are weakly visible in the 77 nm
CuPc sample. Like its optical analog, the acoustic etalon
selects the modes at its Fabry-Perot resonances, acting as a
band pass filter for acoustic waves near these frequencies
and thereby allowing a standing wave at these frequencies
to develop in the cavity defined by the air=Al and CuPc=Si

interfaces. In this way the etalon introduces its own reso-
nances into the spectrum of the membrane resonator.
Further illustrations of the use of acoustic etalons to

control resonant acoustic spectra are given in Fig. 5.
Sample A is the 50 nm CuPc sample shown in Fig. 1.
SampleB uses a thin Al resonator, causing the fundamental
resonance to be shifted to 31.2 GHz, where the 50 nm
etalon is not reflective; the mode therefore leaks out of the
cavity and does not appear in the spectrum. Sample C uses
both a thin Al layer and a thin etalon; since the fundamen-
tal resonance is now within the reflection band of the
etalon, the peak again appears. Sample D uses a thick Al
film, a thin Al film, and two thick etalons. The fundamental
resonance of the thin Al film is outside the reflection band
of the two etalons (as in Sample B), so it does not appear;
however, the thin Al film is half as thick as the thick Al film
and thus acts as a resonant reflector. The resonance of the
thick Al film is therefore strengthened relative to Sample
A, as it sits on three quarter-wave reflectors. Sample E uses
two thick Al films of slightly different thickness and two
thick etalons. Because the etalons act as resonant reflectors
for the fundamental modes of both Al films, the two
resonators are both activated, with two peaks appearing
in the spectrum that correspond to their resonances. The
spectrum of a coupled oscillator system is controlled in this
sample; while the measurement only probes the top reso-
nator, the modes of both the top and bottom resonators are
present. While a model significantly more sophisticated
than Eq. (1) will be necessary to provide complete analysis
of such dual-resonator samples, we believe it to be intuitive
that mass loading by the relatively heavy second Al layer is
the primary cause of the larger red shifts observed in
Samples D and E relative to the natural (unloaded) Al
film resonances.
In conclusion, we have shown how a compliant support-

ing layer can allow multiple harmonics to persist simulta-
neously in a supported membrane resonator, the dynamics
of which differ fundamentally from the echo behavior
typically observed when metal transducers are placed on
noncompliant substrates [8,16,19]. Because the compliant
layer forms part of the acoustic cavity, various compliant
layer thicknesses can be used to generate constructive or
destructive interference of the membrane’s resonant
modes, thereby allowing coherent control and mode selec-
tion analogous to an optical etalon. Furthermore, the
acoustic etalon can provide strong confinement for acous-
tic energy at its own resonances, and can add these reso-
nances to the system. By including multiple resonators and
etalons within a layer stack, significant control over the
system’s acoustic dynamics can be achieved, supporting
future studies of coupled high-frequency acoustic oscilla-
tors, stimulated emission of phonons, acoustic mode
switching, and the mechanical properties of thin films.
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FIG. 5 (color online). Fourier spectra of acoustic transients for
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B, 103 nmAl=50 nmCuPc; C, 125nmAl=25nmCuPc; D,
200nmAl=50nmCuPc=103nmAl=50nmCuPc; E, 200 nmAl=
50 nmCuPc=222 nmAl=50 nmCuPc. The bottom x axis shows
the fundamental resonant frequency for a free-standing Al film
of the thickness given on the top x axis. The short red lines
indicate the measured Al thicknesses in each sample. The shaded
regions indicate the reflection band of the CuPc etalon(s) in each
sample (defined as the frequency range for which the etalon’s
acoustic reflectivity is greater than 0.75).
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