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Abstract

We report on a new approach to the fabrication of 3-D structured diaphragms using integrated surface and deep reactive ion etching (DRIE)
bulk silicon micromachining on a silicon-on-insulator (SOI) wafer. Polysilicon diaphragms of 1mm x 2mm X 1.2 um, and
1mm X 2mm X 2.4 pm parylene diaphragms, which are designed for a biomimetic directional microphone and a differential microphone,
respectively have been successfully fabricated by our method. The membranes have 20 pm-thick silicon proof masses, solid stiffeners, hollow
stiffeners, and 20 pm-deep corrugations to mimic the tympanal membranes of the fly’s ears. Acoustic measurements of the diaphragm using
laser vibrometry have demonstrated high directional sensitivity of the device. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Non-planar micromachined diaphragms that make use of
corrugations and bosses have become key components in
various micromechanical devices such as pressure sensors
[1], microvalves [2], micropumps [3], and accelerometers
[4]. As new application areas are discovered and specialized
devices are designed, more complex diaphragms will be
required. However, two well-established methods for fabri-
cating 3-D structured diaphragms have certain drawbacks
limiting the design flexibility. In the electrochemical etch-
stop technique, which combines anodic passivation of sili-
con with a reverse bias of p—n junction, n-type silicon is
formed either by epitaxial growth or ion implantation and
diffusion on a p-type wafer. It is impractical to construct a
“proof mass” type of 3-D structures on silicon membranes
with epitaxially grown n-type layers due to the uniform
growth of the epi-layer, whereas, it is attainable with ion
implanted and diffused n-type layer by double diffusion [5].
The second method utilizes heavily boron-doped (p*™)
layers as etch-stop layers. In most cases, they are ion
implanted and diffused. However, these layers can also be
epitaxially grown. The stress induced by the high dopant
concentration can considerably alter critical mechanical
factors such as the resonant frequency of the diaphragm.
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In addition, the substantial surface damage from implanta-
tion precludes the formation of active electronic devices. In
both methods, which employ etch-stop layers created by ion
implantation and diffusion, the achievable thickness of the
structures on diaphragms is upper-bounded by the maximum
dopants diffusion depth (on the order of 15 pm) [6].

Our method integrates surface micromachining with
bulk silicon micromachining to fabricate 3-D structured
membranes [7]. It utilizes the buried oxide layer in a
silicon-on-insulator (SOI) wafer as an etch-stop layer. Deep
reactive ion etching (DRIE) allows precision patterning of
single-crystal silicon (SCS) structures such as proof masses,
and stiffeners with aspect ratios higher than 20. The thick-
ness of the structures and the depths of corrugations are
determined by the thickness of the device layer on the SOI
wafer. Silicon is etched from the backside of the wafer using
DRIE, which can achieve deep etching with very high
anisotropy (side-wall angles 90 % 2°), unlike conventional
methods involving wet anisotropic etchants such as EDP,
KOH, and TMAH [6]. Various diaphragm materials such as
polysilicon, silicon nitride, and polymers can be selected for
different applications, because there is no subsequent ther-
mal processing and no wet chemical backside silicon etching
in our method.

To demonstrate the potential of our new approach for the
fabrication of 3-D structured diaphragms, we present a
biomimetic corrugated polysilicon diaphragm with SCS
proof masses and solid stiffeners for a directional micro-
phone, and a corrugated parylene diaphragm with SCS proof
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masses, solid stiffeners, and hollow stiffeners for a differ-
ential microphone.

2. Designs

Previous studies on the parasitoid fly Ormia ochracea
reveal that the fly’s ears are mechanically coupled by a
flexible bridge, which is utilized to achieve directionality
[8]. The mechanical link between ears provides two distinct
resonant modes, a rocking mode at the first resonant fre-
quency and an in-phase mode at the second resonant fre-
quency. Linear combinations of these two modes produce
distinctive asymmetrical mechanical responses of the tym-
pana, thereby generating mechanical interaural delays and
amplitude differences resulting in directionality. Our dia-
phragm designs (Fig. 1) are based on the mechanical model
of the fly’s ear [9].

2.1. Diaphragm for a directional microphone

Phosphorous-doped polysilicon is chosen for the dia-
phragm material for the hearing aids directional micro-
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phone. Due to the relatively high Young’s modulus of
polysilicon (~170 GPa), the 1 mm X 2mm X 1.2 um dia-
phragm has two 200 pum x 380 um x 20 um SCS proof
masses on each side to lower the natural frequencies of
the diaphragm for the hearing aids application. Also, the
diaphragm consists of 5 pm x 960 pm x 20 pm center solid
stiffeners and three 10 pm x 970 pm x 20 pm middle solid
stiffeners to create the necessary stiffness to achieve the rigid
body motion of the two mode shapes. The diaphragm makes
use of a corrugation, that is 10 pm-wide and 20 pm-deep to
relieve in-plane stress and increase mechanical sensitivity. It
is rounded at the corners to reduce stress concentration.

2.2. Diaphragm for a differential microphone

The 1 mm x 2mm X 2.4 pm diaphragm for a differential
microphone is constructed of Parylene C with a Young’s
modulus of 3.2 GPa. This polymer resembles more closely
the tympanal membranes of the fly’s ears than polysilicon
film in terms of its mechanical properties. Since the differ-
ential microphone utilizes only the rocking mode at the first
resonant frequency, the diaphragm incorporates hollow skin
stiffeners, basically corrugations with various dimensions to
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Fig. 1. (a) diaphragm design for a directional microphone, proof masses, solid stiffeners, and a corrugation; (b) diaphragm design for a differential

microphone, proof masses, solid stiffeners, hollow stiffeners, and a corrugation.
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have all other resonant frequencies as high as possible in the
frequency domain. The corrugated diaphragm with local
hollow stiffeners benefits from the conformal coating prop-
erty of parylene. Both the width of corrugation and the radius
sweep of the corners of the diaphragm are doubled.

3. Fabrication

Biomimetic diaphragms for directional microphones and
differential microphones have been fabricated on 4 in. SOI
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substrates using integrated surface and DRIE bulk silicon
micromachining.

3.1. Oxide block formation

The 3-D structures of the diaphragms are constructed by
transforming unwanted bulk silicon into thick silicon oxide
blocks and removing them at the releasing step of the
process (Fig. 2). These silicon oxide blocks are created
by oxidation of closely spaced silicon beams followed by
low temperature oxide (LTO) deposition and chemical

10kV
K . Y00

Gmm
& N.TIEN
HASSL .TIF

10kV Omm
K .YOOEN.TIEN

Fig. 2. SEM image of the cross-sections of a 1.2 pm-thick polysilicon diaphragm with an attached 20 um-thick SCS proof mass: (a) before release; (b) after
release (silicon has not been completely removed by DRIE from the backside of the wafer for obvious reasons of mechanical integrity).
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mechanical polishing (CMP). In the earlier works, Yeh et al.
[7] and Jiang et al. [10] used 1 pm-wide beams that were
2 um apart. These lengthy (>100 um), yet thin beams had
1 pm-wide lateral beams in between to prevent severe lateral
bending of the beams due to the volume expansion from
oxidation. However, the stress induced by the volume
expansion (2.27 times in volume) resulted in the separation
gaps between beams as wide as 5 um, and was relaxed
partially by exerting force on the neighboring films and
silicon substrate. Firstly, sealing wider trenches requires
thicker deposition of oxide, and this oxide layer induces
higher stress due to the coefficients of thermal expansion
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(CTE) mismatch between silicon oxide and the polysilicon
diaphragm. This can lead to the cracking of the thin dia-
phragm prior to the final release in HF. Secondly, incom-
pletely oxidized silicon residues were found at the lower
joint corner sections between the beams and the bulk silicon
side-walls, and between the beams and the lateral beams.
Intuitively, the retardation of oxidation is attributed to the
limited supply of oxidants at the lower regions of the beams,
but it may also be due to the reduced chemical reaction rate
caused by viscous stress [11]. The unoxidized silicon resi-
dues attached to the lower bottom of the corrugations can
limit the deflection of the diaphragms. In our new silicon
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Fig. 3. (a) Silicon beams in a SOI wafer after DRIE (1 pm-wide, 25-60 pm-long beams that are 2 um apart); (b) SiO, beams after oxidation; (c) SiO, block

after LTO deposition, followed by CMP.
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beam design, the gap widening is minimized by using beams
from 25 to 60 pm in length and 1 pm in width, spaced 2 pm
apart laterally and vertically to allow for the volume expan-
sion of oxide. Also, thinner 0.8 pm-wide lateral supporting
beams are used to enhance the structural rigidity of oxide
blocks for the subsequent CMP process. The beams are
oxidized in steam at 1150 °C for 200 min to relieve the stress
via a viscous flow of oxide. As shown in Fig. 3, there is only
a slight bending of the beams and no incompletely oxidized
silicon residues left observed after oxidation. The slightly
altered gap width (2 4= 0.25 um) after oxidation between the
beams makes it possible to seal the gaps with less LTO.

3.2. Process flow

The process is depicted schematically in Fig. 4. Our
starting material is a SOI wafer with 20 pm-thick device
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Fig. 4. Fabrication process flow.

silicon and 2 pm-thick buried oxide. The 20 pm-deep
trenches are etched using DRIE (Fig. 4a). The silicon beams
are thermally oxidized. LTO is deposited at 425 °C to
partially fill and completely seal the gaps between the
oxidized beams. Once the unwanted silicon is transformed
into oxide blocks, the surface is planarized by CMP to allow
the subsequent surface micromachining (Fig. 4b). Silicon is
etched using DRIE for corrugations and hollow stiffeners
(Fig. 4c). For the polysilicon diaphragm, 1.2 um-thick
phosphorus doped polysilicon is deposited at 580 °C and
annealed at 1050 °C for 80 min in a dry N, ambient to relax
compressive residual stress in the film. Rapid thermal
annealing (RTA) treatment is also employed followed by
the furnace annealing to obtain slightly tensile stress. For the
parylene diaphragm, 2.4 pum-thick Parylene C is coated onto
the substrate at the room temperature (Fig. 4d). Silicon is
removed from the backside of the wafer using DRIE, and the
etch-stops at the buried oxide layer (Fig. 4e). Using a
hydrofluoric acid solution, the oxide blocks are removed,
and the corrugated diaphragms with proof masses are
released (Fig. 4f). Figs. 5 and 6 show the fabricated poly-
silicon and parylene diaphragms.

4. Results

The polysilicon diaphragm for a directional microphone,
and the parylene diaphragm for a differential microphone
have been tested by the laser vibrometry method to acquire
measurements of the sound induced vibrations of the dia-
phragm. The testing set-up consists of a Polytec laser
vibrometer (OFV 302 optical-head and OFV-2100 electro-
nics unit), a loudspeaker, and a reference microphone (B&K
4138). The displacements at 25 locations on the diaphragm
were measured as a function of frequency. The incident
sound waves are generated by a loudspeaker positioned at
45° angle relative to the longitudinal axis of the diaphragm.

Fig. 7a and b show the transfer functions between the
displacements of the diaphragms and the incident sound
pressure with a reference level of 1 mm/Pa for the poly-
silicon and parylene diaphragms, respectively. In Fig. 7a, the
point closer to the sound source (point A) responds with
greater amplitude than the point further from the source
(point B) over a wide frequency range. The response at the
pivot point ¢ is much smaller than those at other two
locations by 20 dB or greater. The sharp peak of the transfer
functions at 8 kHz is due to the resonant frequency of the
sample holder, not the diaphragm. The parylene diaphragm
shows the similar frequency responses within the limited
frequency range from 32 kHz to 38 kHz (Fig. 7b), however,
the difference in amplitudes is much smaller compared to
that of polysilicon diaphragm.

In Fig. 8, the deflection shapes of the polysilicon dia-
phragm for three different frequencies are shown. At the first
resonant frequency (~16 kHz), the diaphragm rocks about
the pivot point (Fig. 8a). On the other hand, at the second
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Fig. 5. SEM images of diaphragms: (a) the polysilicon diaphragm; (b) a close-up image of a SCS proof mass attached to the polysilicon diaphragm through

the window cut by focused ion beam (FIB).

resonant frequency (~25 kHz), both sides of the diaphragm
move with the same amplitude and phase (Fig. 8b). Frequen-
cies between the first and second resonant frequencies result
in the linear combination of these two modes producing
asymmetric shapes of the diaphragm with a significant
difference in amplitude, thus providing directionality
(Fig. 8c). The results demonstrate that the polysilicon dia-
phragm has very similar mode shapes when responding to
sound pressure and directional sensitivity compared to the

fly’s ears. The parylene diaphragm also exhibits the rocking
mode at the first resonant frequency (~33 kHz), and the
translational mode at the second resonant frequency
(~38 kHz), however, these frequencies are much higher than
predicted values by finite element method (FEM). The
primary cause for this discrepancy is the fact that the tensile
stress of the film due to the considerable mismatch in CTEs
between the palylene film and the substrate has increased the
resonant frequencies by the square root of the film’s stress.
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Fig. 6. SEM image of the aluminum coated parylene diaphragm.

Polysilicon Diaphram Frequency Response Curves
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Fig. 7. (a) Measured frequency response curves of the polysilicon diaphragm; (b) measured frequency response curves of the parylene diaphragm.
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Fig. 8. Measured displacements at 25 different locations on the polysilicon diaphragm: (a) a rocking mode shape at the first resonant frequency; (b) an in-
phase mode shape at the second resonant frequency; (c) an asymmetric mode shape at a random frequency between the first and second resonant frequencies.

5. Conclusion

The novel approach to the fabrication of non-planar
diaphragms using integrated surface and DRIE bulk silicon
micromachining on a SOI wafer offers vital advantages of
excellent precision in dimensions of the structures, and high
flexibility in designs over conventional etch-stop techniques.
A range of materials including polysilicon, silicon nitride,
and polymer can be selected for the diaphragm depending on
the applications. Our method makes use of DRIE, which can
produce very high aspect ratio holes with perpendicular side-
wall angles (90 4 2°) to etch silicon from the backside of the
wafer. This enables us to build arrays of closely spaced
diaphragms for various MEMS applications such as ultra-
sound imaging transducers. Furthermore, the variations in
the dimensions of the diaphragms due to the thickness
variations of the wafer itself can be minimized. Our method
has been applied to polysilicon and parylene diaphragms for
a directional microphone and a differential microphone,
respectively. These diaphragms incorporate corrugations,
proof masses, and stiffeners to mimic the ears of the para-
sitoid fly, Ormia ochracea. The successfully fabricated

diaphragms exhibit two resonant modes of vibration, and
the linear combination of these two modes provide the
directional sensitivity required in a directional microphone
hearing aids system.
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