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Bilayer polymer/metal suspended membranes made of poly(methyl methacrylate) (PMMA) and aluminium (Al) have been fabricated using
a wet transfer technique where a polyelectrolyte (polydiallyldimethylammonium chloride - PDAC) has been employed as sacrificial layer
to facilitate the detachment of the thin PMMA/ALI layers from the substrate holders. In this way, free-standing PMMA/AI membranes with
outstanding diameter (3.5 mm) to thickness (400 nm) ratios of ~10* have been obtained. The membranes have been actuated mechanically
and electrothermally and their modal behaviour characterised using laser Doppler vibrometry. The first five modes of vibrations have been
detected in the range of 2 — 25 kHz. The 2™ and 5™ degenerate modes have been seen to split, probably due to nonuniform tension or mass
density. The membranes can achieve vibration amplitudes in the order of few tens of microns. When performing electro-thermal actuation it
has been observed that the amplitude of a single mode can be tuned by controlling the path of the electric current across the membrane.

1. Introduction: Free-standing micro electro-mechanical

systems (MEMS) membranes with large diameter to thickness
ratios are attracting broad attention for acoustic applications.
Single/multi layer graphene, polymers or graphene/polymer
membranes [1] have been used for developing MEMS microphones
[2], loudspeakers [3], ultrasonic transducers [4], and highly flexible
capacitive sensors [5]. Large surface areas, combined with the
possibility of using polymers as structural materials, allows the
membranes to resonate in the audio range (20 Hz — 20 kHz).
This makes them particularly suitable for biomimetic microphones
or sound absorption devices [6]. In addition, polymer MEMS are
becoming more ubiquitous, targeting a wide range of applications
for sensors and actuators [7] offering cost-effective novel and
improved functionalities [8],[9].

The fabrication of large-area (and high diameter/thickness
ratio)) MEMS polymer-based membranes presents several
challenges when utilising standard micromachining techniques
(i.e., lithography, and surface or bulk dry micromachining).
In particular, many polymers have limited compatibility with
photoresists and etching processes. Removal of sacrificial layers
or bulk materials, without damaging the large and thin membrane
structure, makes fabrication extremely challenging. However, wet
transfer techniques overcome the need for etching sacrificial layers
or substrates, and are therefore appropriate for ultra-thin materials
which cannot be grown or deposited on standard substrates used
for silicon technology.

Wet transfer techniques have proven rather successful for the
fabrication of free-standing graphene membranes, with a relatively
high yield [10]. Large aspect ratio free-standing membranes
can be fabricated by using water-soluble polymers, such as
polyelectrolytes. These polymers can be used as sacrificial layers
[11], or for building multilayers structures [12]. In addition, water-
soluble polymers can facilitate delamination by modifying the
surface of silicon substrates [13], reducing the roughness of the
film. However, whilst surface modification is suitable for polymeric
membranes, it falls short when metal electrode layers are needed on
the polymer membrane.

In this paper, we present a novel approach for the
fabrication of high diameter to thickness ratio (approx.
~10*) bilayer polymer/metal membranes. A polyelectrolyte
(polydiallyldimethylammonium chloride - PDAC) was used as
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Figure 1 Schematic (a), optical image (b) and scanning electron micrograph
(c) and (d) of the final device (actuation pads are numbered from 1 to 8).

a sacrificial layer to facilitate detachment of the polymer/metal
(PMMA/aluminium) film from a silicon substrate [13]. The
detached film was further transferred over a silicon cavity, thus
forming a free-standing polymer/metal membrane. The fabricated
membranes were actuated mechanically and electrothermally, and
their modal behaviour characterised.

2. Experimental procedure: The fabrication process involved
preparation of the membranes and cavities on two separate
substrates. The membranes were subsequently transferred onto the
cavities using a wet transfer procedure.

To fabricate the cavities, an insulating layer of silicon dioxide
(Si02) (275 nm) was deposited on a silicon (Si) substrate (380 um
thick) by chemical vapour deposition. Afterwards, to provide an
electrical connection to the chip containing the cavities, a 300 nm
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Figure 2 Process flow schematic. Membrane: (1) an Al layer is sputtered on
a sacrificial PDAC layer spin coated on a Si substrate; (2) PMMA is spin
coated. Cavities: (3) SiO; is deposited on a Si substrate, Al electrodes are
patterned with lift-off; (4) the cavity is created by RIE and DRIE. Transfer:
(5) substrate with membrane is immersed in DI water, (6) resulting in the
release of the membrane; (7) membrane is transferred onto the cavity and
dried at room temperature.

thick aluminium (Al) layer was sputtered on top and electrode pads
patterned using a lift-off process. Circular cavities (diameter of 3.5
mm) were first created by reactive ion etching (RIE) of the SiO»,
and subsequently by deep reactive ion etching (DRIE) to create a
hole through the Si wafer. The wafer was then diced into 7x7 mm?
chips, each containing a single cavity.

The polymer/metal membranes were fabricated using Si
substrates as holders. Initially, the Si substrates were cleaned in a
piranha solution (H>,SO4:H20,(30 wt%) = 3:1), rinsed in deionised
water and dried. Afterwards, the substrates were coated with PDAC
(Sigma-Aldrich, average Mw 100,000 - 200,000) 5 wt% spun at
4000 rpm for 15 s, then baked at 100 °C for 1 minute. After
creation of the PDAC sacrificial layer, an 80 nm thick Al layer was
sputtered, followed by spinning of PMMA (Sigma-Aldrich, average
Mw 960,000) 5 wt% in anisole at 1000 rpm for 30 s. The resulting
substrates were then baked at 60 °C for 5 minutes, resulting in a
340 nm thick PMMA layer on top of the Al. The PMMA/AI layer
was incised using a razor blade to define the membranes (approx.
5x5 mm?) and facilitate detachment from the Si substrates.

The PMMA/AI layers were isolated by immersing the Si
substrate holders in deionised water. In this way, the PDAC
sacrificial 1 ayer w asd issolveda ndt her eleased PMMA/AI
membranes were left floating on the water surface. Successively, the
floating membranes were captured and transferred onto the cavity-
bearing chips, and dried at room temperature for 30 minutes.

Devices incorporating suspended PMMA/Al membranes can
be actuated mechanically or electrothermally. For mechanical
testing, the devices were attached to a piezoelectric disk (15 mm
diameter, 6 kHz resonant frequency) using carbon adhesive tape.
The piezoelectric disk was then actuated with an 8 V AC voltage.
For electrothermal testing, the devices were actuated by positioning
two micromanipulators on the patterned Al electrode pads (1 to 8
in Fig. 1) and applying 2 V AC voltage superimposed upon a 2
V DC voltage [1],[14]. The frequency response of the membranes
was investigated in the range of 1-35 kHz using a laser Doppler
vibrometer (LDV) (Polytec MSA-050). Velocity measurements
were performed using a periodic chirp as the input signal, with
the resulting out-of-plane membrane velocity recorded at multiple
points across its surface. This allowed the full 2D deflection
profile (as a function of frequency) to be reconstructed, permitting
identification o f m odal p atterns. A number o f p oints o utside the
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Figure 3 Velocity spectrum with mechanical (solid grey line) and
electrothermal (dotted black line; actuation pads 2 and 6) actuation,
normalised to the intensity of the first resonant peak. The letters on the peaks
correspond to the resonant modes shown in Fig. 4.

membrane were measured as a reference, to enable subtraction of
any background vibration of the substrate.

3. Results and discussion: Fig. 1 shows the schematic
of the designed devices together with an optical image and
scanning electron micrograph of one of the fabricated devices. The
suspended membranes have a diameter of 3.5 mm, and a total
thickness of approximately 400 nm, resulting in an aspect ratio of
approx. ~10%.

Membrane surfaces tended to develop a series of small ridges,
evident in Fig. 1. This was likely due to slight shrinkage of the
membrane whilst it floated on the deionised water, releasing some
of the residual stress acquired during the fabrication process. It was
noticed that the size of the ridges was affected by the fabrication
process parameters, in particular by the temperature at which the
PMMA solvent was evaporated (i.e., the heating step performed
after spin-coating the PMMA).

Fig. 3 shows the average spectrum, after background subtraction,
obtained from each of the mechanical and electrothermal actuation
processes. In the second case, in order to maximise the current
flowing through the centre of the membrane and thus maximise
the amplitude of the first mode [1], the device was actuated using
opposite pads (i.e., electrodes 2 and 6 in Fig. 1). As shown in Fig.
4, the first five vibration modes, corresponding to the various peaks
in Fig. 3, were clearly observable. Table 1 summarises the observed
resonant frequencies of a device tested using both mechanical and
electrothermal actuation, and demonstrates that that the first four
modes were in the human hearing range (mode 1 =2.53 kHz, mode
2 =9.65 — 10.1 kHz, mode 3 = 16 kHz, mode 4 = 16.9 kHz).
In an ideal circular membrane, all the non-axisymmetric modes
(those without circular symmetry) are degenerate, meaning that two
modes, identical but for a rotation, share the same frequency. In
the present device, however, two peaks were observed for the ond
and 5™ mode. The degeneracy in this case was broken (see Fig.
3 (b) and (c)), and two modes with slightly different frequencies,
9.65 kHz and 10.1 kHz for mechanical actuation, were observed.
Furthermore, the large deflections when actuating mechanically and
the Joule heat induced when actuating electrothermally influence
the membrane’s effective stiffness. As a result, the mode frequency
values detected with electrothermal actuation are higher then the
ones detected with mechanical actuation (see Table 1).

In the case of mechanical actuation, the membrane’s vibration
intensity was strictly related to the amplitude of vibration of
the piezo disk; this can vary greatly depending on the quality
of the mounting to the substrate. The measurements showed the
membrane to be vibrating at 200 mm/s (1* mode), corresponding
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Table1 Frequencies of the first 5
resonant modes, for both mechanical and
electrothermal actuation. Note the frequency
splitting of the 2" and 5™ mode.

Mode Frequency [kHz]
Mechanical act.  Electrothermal act.
1 2.53 2.96
5 9.65 10.0
10.1 10.3
3 16.0 16.3
4 16.9 17.2
5 24.1 24.4
24.9 25.2

1 0.5 0 0.5 -1 2 mm

Figure 4 Vibration modes measured with LDV: fundamental mode (a), 2"¢
mode, non-degenerate (b,c), 3" (d), 4" (e) and 5™ (f). The intensity of
vibration is normalised.

to a displacement of approx. 13um, 20 times higher than
the displacement of the piezo disk. The displacement obtained
with electrothermal actuation of the membrane was 3 orders of
magnitude lower but increased with higher actuation voltages. The
devices characterised here were actuated using a short periodic
chirp thus showing the same resonant behaviour consistently over
multiple tests. However, over sustained periods of actuation, which
will be necessary in practical audio applications, it is likely that
the mechanical properties of the membrane, such as the effective
stiffness, will alter, resulting in a shift in the resonant behaviour.

In the case of electrothermal actuation, the amplitude of the 2™
mode was almost negligible, most likely due to the presence of
a current flowing through the centre of the membrane, where the
modal displacement should be close to zero. This assumption is
supported by the fact that when using adjacent pads (e.g. pads 2-
4) for the actuation, the amplitude of the first mode was reduced
while the second mode was increased compared to the case of
actuation with opposite pads (e.g. pads 2-6); in this case the current
flowing through the centre of the membrane was lower and a higher
current flowed through the side of membrane, which induces Joule
heating that more efficiently actuates non-axisymmetric modes. The
overall intensity of oscillation was nonlinearly proportional to the
AC actuation voltage applied to the electrodes, which is a result of

the increased AC current flowing through the membrane, inducing
increased Joule heating.

4. Conclusions: Large surface area polymer/metal (PMMA/ALI)
membranes with diameter (3.5 mm) to thickness (400 nm) ratios of
approx. ~10* were fabricated by wet transfer in combination with a
polyelectrolyte (PDAC) sacrificial layer. An Al metal layer allowed
for electrical connection to the structure. The membranes were
actuated mechanically and electrothermally, allowing observation
of the first 5 vibration modes with resonant frequencies in the
range 2 — 25 kHz (with the first four modes being in the human
hearing range). Despite the relatively large amplitudes detected
with mechanical actuation (approx. 13pm) the devices did not
show any major reliability issue over multiple testing. Vibration
amplitudes up to 20 nm were measured when actuating the
membranes electrothermally using a 2 V AC voltage superimposed
upon 2 V DC. The amplitude could be increased by increasing
the actuation voltage. In addition, the relative amplitude of the
mode shapes could be tuned by forcing the electric current to
follow specific paths across the membrane. Mode splitting of
the degenerate mode shapes was observed, most likely due to
non-uniform surface properties of the membrane (non-uniform
tension or mass density), which breaks the symmetry of the non-
axisymmetric modes causing a splitting of their frequencies. The
obtained mode shapes matched well with those expected by analytic
consideration of circular membranes.

The work presented here demonstrates the manufacturing of
millimetric membranes that resonate in the human hearing range,
and which may be used to design innovative biomimetic acoustic
devices such as microphones and sound absorbers. Furthermore, the
described fabrication process allows for facile integration of large-
area membranes on hybrid microsystems.
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