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Description

[0001] The present invention relates to electro-acous-
tic transducers, in particular capacitive Micromanufac-
tured Ultrasonic Transducers, and a method of fabrica-
tion thereof.

[0002] Capacitive Micromanufactured Ultrasonic
Transducers, generally referred to as cMUTs, and meth-
ods of fabricating them are known in the art. Surface mi-
cromachined ultrasound transducers are e.g. described
in US 5,619,476, US 5,650,572, US 5,870,351, US
5,894,452, and US 6,004,832.

[0003] Such surface micromachined transducers com-
prise a substrate and one or more membranes which are
supported above the substrate by support structures,
forming cells. The thus formed membrane cells are com-
bined to single or multiple element transducer(s). In the
prior art, surface micromachined transducer membrane
cell cavities and support structures are fabricated by se-
lectively etching a sacrificial film, which film is deposited
or grown between the membrane and the surface of the
substrate. Such methods involve multiple complex fab-
rication steps, which compromise the repeatability and
uniformity of the membranes and thus of the transducers.
[0004] A modification of the above-described method
is disclosed in US 7,074,634, which teaches how to im-
prove the planarity of a cMUT device. The method of US
7,074,634 comprises deposition of silicon monoxide to
form a supporting layer with subsequent lift-off and grind-
ing procedures to form uniform cavities for cMUT cells in
the supporting layer. However, a method including me-
chanical grinding and polishing into the micromachining
process is not technically feasible. Furthermore, the
method still comprises the major disadvantages of sur-
face micromachining, such as poor repeatability and uni-
formity.

[0005] Another option is disclosed in US
2004/0085858, which teaches bulk micromachining and
wafer bonding technology. This method comprises pro-
viding a substrate with an oxide layer, etching cavities in
the oxide layer down to the substrate and fusion bonding
of membrane material to the oxide layer. This provides
a number of advantages over surface micromachining,
because most of the etching processes involved are self-
stopping. Further, epitaxially grown monocrystalline sili-
con may be used for the membranes. However, such a
method is relatively complex and costly.

[0006] Itis therefore an object of the present invention
to provide an improved method of fabricating an electro-
acoustic transducer, in particular a capacitive Microman-
ufactured Ultrasonic Transducer.

[0007] To that end a method is provided comprising
the steps of providing a substrate having a surface;
providing a cavity in the surface of the substrate;
providing a layer of membrane material on the surface
of the substrate to form a membrane over at least a por-
tion of the cavity.

[0008] The method facilitates controlled fabrication of
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the cavity and thus of the shape and volume of the cell
of the transducer. The method allows fabrication without
requiring a supporting layer for supporting the membrane
in the finished transducer, which facilitates the process
and improves repeatability and uniformity. The resulting
electro-acoustic transducer is ideally suited for use as a
cMUT in case an electrode is arranged on the membrane
over at least a portion of the cavity. Using the method a
plurality of electro-acoustic transducer cells or electro-
acoustic transducers, e.g. arranged in one or more ar-
rays, may be provided in a substrate in one process.
[0009] The method of claim 2 provides a reliable meth-
od for fabricating a membrane over at least a portion of
the cavity. A substantially closed cell may be fabricated
by providing the membrane material on the sacrificial ma-
terial over substantially the entire cavity.

[0010] With the method of claim 3 cavities may be
formed with a well-defined shape. It also allows fabricat-
ing a plurality of cavities arranged in a well-defined pat-
tern.

[0011] The patterned resist layer comprises openings
through which the substrate material is removable, pref-
erably by an etching method, e.g. plasma etching or re-
active ion etching (RIE). Preferably, the removal method
is a self-stopping process which improves reliability of
the method.

[0012] The method of claim 4 allows accurate struc-
turing of the sacrificial material.

[0013] It has been found that silicon comprising sub-
strate material, in particular a silicon wafer, provides a
suitable substrate for an electro-acoustic transducer.
[0014] Itis useful that -if applied- the resist layer com-
prises an oxide layer, in particular when the substrate
material contains silicon, especially when it is a silicon
wafer, since an oxide layer may be provided relatively
easily such as by being thermally grown and it may be
processed by various techniques. The resist layer may
also suitably comprise a photo-resist layer. Reactive ion
etching (RIE) is particularly suited for etching a silicon
substrate, and it has been found that such a process is
self-stoppable.

[0015] It has been found that silicon nitride has excel-
lent properties as a membrane material. The membrane
material may be provided with various techniques, e.g.

plasma enhanced chemical vacuum deposition
(PECVD).
[0016] A method for providing such a membrane is de-

fined in claim 8. Further layers may be added.

[0017] The physical properties of the membrane, in
particular the residual stress inside the material and its
default shape, i.e. its shape when the transducer is not
in operation, may be controlled by adjusting the compo-
sition of the membrane, e.g. layer thicknesses for a multi-
layered membrane, and/or adjusting deposition process
parameters such as temperature, pressure, plasma fre-
quencies etc.

[0018] It has been found that copper presents a suit-
able sacrificial material; it may be etched with various
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relatively reliable etchants and it provides a relatively
large etching selectivity against most substrate and
membrane materials, in particular against silicon, silicon
oxide and/or silicon nitride. Thus, a sacrificial etching step
is relatively reliable and uncritical.

[0019] Another aspect of the invention is an improved
electro-acoustic transducer. The transducer comprises
a substrate of a substrate material, a cavity, and a mem-
brane. The membrane extends over at least a portion of
the cavity, preferably over the entire cavity forming a sub-
stantially closed cell. The cavity is arranged in the sub-
strate material and the membrane material is supported
above the cavity by the substrate material.

[0020] The transducer has a relatively simple con-
struction compared to prior art transducers, obviating
deposition of a support layer for defining cavities and
supporting the membrane. Mechanical and acoustic
properties of the transducer are improved by reducing
the number of structural elements of different materials
thus reducing structural discontinuities causing possible
weak points and boundary effects. The characteristics of
the transducer such as its frequency response and col-
lapse voltage of the transducer may be calculated and
modelled more accurately

[0021] Although several substrate materials and mem-
brane materials may be suitably applied, it is particularly
useful that the substrate comprises silicon, e.g. being a
silicon wafer, and that the membrane comprises silicon
nitride, since it has been found these materials have ex-
cellent properties as a substrate material or membrane
material, respectively, with respect to their mechanical
(and thus acoustic) and electric properties.

[0022] Claim 13 defines atransducerwith a particularly
well suited and controllable membrane material. The
composition of the stack of layers comprised in the mem-
brane determine its mechanical, acoustic and electric
properties.

[0023] The embodiment of claim 14 allows providing
a membrane with a desired stress profile, in particular
along an edge of the cavity at a support structure. A re-
cessed membrane is further mechanically protected.
[0024] The bottom of the cavity is considered the side
of the cavity opposite the membrane, generally oriented
toward the bulk of the substrate material.

[0025] Another aspect of the invention is an electro-
acoustic transducer array comprising a plurality of elec-
tro-acoustic transducers according to the above descrip-
tion, as transducer cells.

[0026] The invention will hereafter be explained in
more detail with respect to the accompanying drawings.
The drawings illustrate a presently preferred embodi-
ment for fabricating a plurality of cMUT cells, which em-
bodiment comprises the photolithographic definition and
self-stopped etching of a silicon substrate with a thermal-
ly grown silicon dioxide layer to form cMUT cells, and
consecutive steps of deposition of a sacrificial layer, lift-
off, deposition of silicon nitride membranes, etching the
sacrificial film and deposition and patterning of elec-
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trodes.

[0027] Itshould be noted thatthe drawings are notnec-
essarily to scale and that details which are not necessary
for understanding the present invention may have been
omitted. Terms "upper”, "lower", "above", and the like

relate to the embodiments as oriented in the figures.

Figs. 1A-1H are cross-sectional views illustrating
several steps of the method of fabricating a plurality
of electro-acoustic transducers;

Figs. 2A and 2B show two different positions of mem-
branes;

Fig. 3 shows a simulated profile of the stress at the
edges of the membrane as a function of the mem-
brane position with respect to the overall device top
surface.

[0028] Fig. 1Ais a cross-sectional view of a silicon wa-
fer 1 to be used as a substrate for the transducers. The
wafer 1 is provided with a thermally grown silicon dioxide
layer 2A, 2B, which generally forms on both surfaces of
the substrate (Fig. 1B). The wafer may be doped to have
a relatively high conductivity.

[0029] The oxide layer (2A) on one surface of the sub-
strate 1 is lithographically patterned in a manner known
as such. The patterned layer 2A’ comprising the oxide
layer 2A and possibly a remaining layer of photo-resist,
acts as a resist layer for etching portions of wafer mate-
rial, whereby the resist pattern is transferred to the sub-
strate 1 and cavities 3 are created in the wafer material
according to the resist pattern (Fig. 1C). The cavities 3
will lateron result in the cells of the transducer. The etch-
ing process parameters (e.g. etching rate and time) de-
termine the volume (cross-sectional shape) of the cavi-
ties 3 in the substrate material.

[0030] A preferred etching method is reactive ion etch-
ing (RIE), which has been found to be self-stopping. Most
etching processes may be controlled relatively accurate-
ly. Etching at least a portion of the cavities 3 in parallel
allows providing a relatively large uniformity of the dimen-
sions of the cavities 3.Next, sacrificial material is applied
by deposition of a layer thereof on top of the structured
substrate 1, with portions 4A of the sacrificial material
being applied to the remaining portions of the resist layer
2A’, and portions 4B of the sacrificial material filling at
least a portion of the cavities 3 (Fig. 1D).

[0031] Preferably, the sacrificial material 4A, 4B is cop-
per which may be deposited by physical vapour deposi-
tion in a high vacuum. This provides minimum sidewall
coverage and leaves the sides of the patterned resist
layer 2A’ exposed to an anisotropic etchant. Next, the
resist layer 2A’ is removed by which the portions of sac-
rificial copper layer 4A are removed as well (lift-off; Fig.
1E). This removal can be done by etching, for example
with hydrofluoric acid. The oxide layer 2B may be re-
moved as well in this step. The remaining portions of
sacrificial copper 4B and the substrate material 1 are
substantially not affected by this step, as is preferred.
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The thus processed substrate 1 does not require suc-
cessive polishing prior to providing the membrane.
[0032] Next(Fig. 1F), alayer5 of stacked silicon nitride
forming the membrane material is provided over the pat-
terned substrate 1 and the remaining portions of sacrifi-
cial material 4B by deposition. The silicon nitride may be
deposited virtually stress-free.

[0033] Here, the silicon nitride is fabricated in three
main steps. First, a first film is deposited of low stress
silicon nitride using plasma enhanced chemical vapour
deposition with two plasma frequencies, which material
is also known as dual frequency silicon nitride. This first
layer provides the main thickness of the membrane. The
material provides reliable, crack-free sacrificial release
of the membrane.

[0034] Next, a second layer is deposited of silicon ox-
ide or silicon oxynitride (with considerable compressive
stress), also using dual frequency PECVD. This layer
increases the electrical insulation of the stack of layers
forming the membrane.

[0035] Finally, a third layer is deposited, comprising
high tensile stress silicon nitride. This third layer com-
pensates for compressive stress of particularly the sec-
ond layer in the membrane, making the membrane ef-
fectively stress-free or low tensile stressed.

[0036] Sacrificial etching openings are provided
through the membrane layer 5, either during or after for-
mation of the layer 5. Through these sacrificial etching
openings the remaining portions of sacrificial copper 4B
are removed by etching such that substantially open
transducer cells 6 are formed by the material of the sub-
strate 1 and the membrane 5 is suspended above the
cavities 3 of the cells 6 by the substrate material (Fig.
1G). No support structures of other materials are re-
quired.

[0037] The use of copper as a sacrificial material al-
lows using wet chemical etching with a relatively high
etching selectivity. Sacrificial etching can e.g. be per-
formed with standard chemical methods such as sodium
persulphate, which shows excellent etching selectivity
with respect to the structural materials silicon and silicon
nitride which define the cavities. Preferably, the sacrificial
etching openings are closed after the substantially com-
plete removal of the sacrificial material 4B, e.g. by dep-
osition of one or more additional layers of silicon nitride
membrane material.

[0038] As anexample, the first layer of the membrane
5 is provided with sacrificial etching openings. After dep-
osition of the firstlayer, the sacrificial copper 4B is etched.
Then second and third layers are deposited, by which
process steps the sacrificial etching openings are sealed.
[0039] Next, one or more electrodes 7 are provided on
the membrane 5 at the positions of the cells, and possibly
a number of other conductors to provide an array of ca-
pacitive micromachined ultrasonic transducers 8 (Fig.
1H). The electrodes and conductors may be provided by
vacuum deposition of a metal film and/or lithographic
methods known per se, thus allowing grouping mem-

15

20

25

30

35

40

45

50

55

brane cells to arrays of transducers 8 in a desired ar-
rangement. The substrate 1 forms the other electrode for
the transducer 8, here it forms a common electrode for
all transducers 8. The substrate may also be divided for
providing a plurality of transducer arrays.

[0040] The method of fabrication of the membrane 5
allows to fabricate membranes with different properties.
Two exemplary embodiments are indicated in Figs. 2A
and 2B, which each show a cross sectional view of a
membrane 5 provided with isolines of stress intensity.
Regions with low relative stress intensity are indicated
with "L", regions with high relative stress intensity are
indicated with "H". The regions with maximum stress in-
tensity are indicated with "H,,,".

[0041] In Figs. 2A and 2B the substrate 1 (partially
shown) defining the cavity 3 and the bottom of the cavity
(notindicated) is located below the membrane 5. The top
surface of the membrane 5 facing away from the sub-
strate 1, and therewith from (the bottom of) the cavity 6
is denoted with reference numeral 9, the bottom surface
of the membrane 5 facing towards the substrate lies de-
noted with reference numeral 10. The membrane 5 has
athickness tindicated in the figures. Here, the membrane
thickness tis substantially equal across the shown width
of the membrane 5. For particular purposes a membrane
5 may be provided with a thickness which is different at
different positions, affects the properties of the transduc-
er cell such as frequency response, collapse voltage, etc.
[0042] Fig. 2A illustrates a cell membrane, which ex-
tends above the surface of the substrate 1 to approxi-
mately 20% of the overall membrane thickness. In other
words, the portion of the membrane 5 extending over the
cavity 3 is raised along the edge of the cavity 3 with re-
spect to an adjacent portion of the membrane 5 which is
attached to a support structure.

[0043] Fig. 2B illustrates another case, wherein the
membrane 5 is recessed into the cavity 3 to about 20%
of its thickness being lower than the overall surface 9 of
the membrane. In other words, the upper surface 9 of
the portion of the membrane 5 which extends over the
cavity 3 extends less from (the upper surface of) the sub-
strate 1 than the top surface 9 of the portion of the mem-
brane which is arranged on the supporting portion of the
substrate 1 by a distance of about 20% of the thickness
t of the portion of the membrane 5 which extends over
the cavity 6. It should be noted that in the case of such
a recessed membrane 5 the membrane layer thickness
can be -and generally will be- substantially uniform
across substantially the entire layer, in deviation from
what is shown in Fig. 2B.

[0044] The general technical parameters of each cell,
such as the collapse voltage and/or resonance frequen-
cy, may be the same for both cases of Figs. 2A, 2B, in
case the membrane dimensions such as e.g. the mem-
brane thickness, the top electrode (7) thickness, the size
ofthe membrane e.g. the diameter, the distance between
the cavity bottom and the top electrode bottom, and the
material properties are the same.
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[0045] However, positioning the membrane lower than
the device surface level, generally determined by the up-
per surface 9 at a position where the membrane 5 is
attached to and supported by the substrate 1, (Fig. 2B)
lowers the stress intensity at the membrane edges, and
this positively influences the mechanical durability of the
membrane. E.g., in the regions H,, of maximum stress
in the case of Fig. 2B the stress intensity is approximately
20% lower than in the case of Fig. 2A. Moreover, the
regions of high stress are less concentrated in the case
of Fig. 2B, reducing the risk of local fractures.

[0046] The profile of the stress P (in MPa) at the edges
of the membrane is shown in Fig. 3 as a function of the
position of the top surface 9 of the membrane (z) (in rel-
ative units with respect to the membrane thickness t of
an unsupported portion of a membrane with a substan-
tially uniform thickness) in respect to the overall device
surface, which is generally determined by the average
position of the upper surface 9 of the membrane at the
positions where the membrane 5 is arranged on support
structures, here the substrate 1.

[0047] The profile shownin Fig. 3 was calculated using
a finite element method, simulating a silicon nitride mem-
brane with a diameter of 30 micron and a thickness t of
1 micron, being deflected at the centre by a pressure
difference of 100 kPa.

[0048] FromFig. 3itmay be appreciated thatalowered
membrane, asin Fig. 2B, experiences alower stress level
than a raised membrane, as in Fig. 2A.

[0049] A further beneficial effect of having a lowered
membrane (Fig. 2B) relative to a raised membrane (Fig.
2A) and to a membrane of which the top surface 9 is
substantially even both over a cavity 6 and over a support
structure 1 (Fig. 1H), is that the lowered membranes are
better protected from the possible damage, when the
transducer comes in contact with other objects, in par-
ticular solid objects. Typical sizes and shapes of electro-
acoustic transducer cells fabricated according to the de-
scribed method are substantially circular structures of
several micrometers in diameter, several of which may
be arranged to form transducer arrays of various designs.
However, the use of known lithography techniques, e.g.
for the patterning of the resist layer 2A, allow substantially
free designing of transducer cells and structures for var-
ious purposes, e.g. having different electric and/oracous-
tic resonance frequencies.

[0050] The invention is not restricted to the above de-
scribed embodiments which can be varied in a number
of ways within the scope of the claims. For instance, the
amount of sacrificial material 4B in one or more cavities
3 may be varied and/or be structured; this may result in
local thickness variations of the membrane material
which in turn affect at least its acoustic properties and
thus those of the transducer.

[0051] Means for promoting adhesion of the substrate
and the membrane material and/or for adapting the crys-
tal structures may be provided for improving at least me-
chanical properties.
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[0052] The use of copper as a sacrificial material and
the protruding or recessed arrangement of the mem-
brane of an electro-acoustic transducer are not limited
to the specific combinations in which they are presented
here and either aspect may also be used to advantage
in other situations and methods.

[0053] The present invention allows providing cMUTs
with high repeatability since the technology allows rela-
tively easy reproducibility with significantly reduced risks
of having uncontrolled changes in device parameters.

Claims

1. Method of fabrication of an electro-acoustic trans-
ducer (8), comprising the steps of
providing a substrate (1) having a surface;
providing a cavity (3) in the surface of the substrate;
providing a layer (5) of membrane material on the
surface of the substrate to form a membrane over at
least a portion of the cavity.

2. Method of claim 1, comprising the steps of

filling at least a portion of the cavity (3) with a sacri-
ficial material (4B);

providing the layer of membrane material on at least
a portion of the sacrificial material in the cavity; and
removing the sacrificial material and thus forming
the membrane (5) supported over at least a portion
of the cavity.

3. Method of claim 1 or 2, wherein the step of providing
the cavity (3) comprises
providing a resist layer (2A’) with a defined pattern
on at least a portion of the surface of the substrate
(1); and
removing substrate material according to the pattern
of the resist layer.

4. Method of claim 2 and claim 3, wherein the sacrificial
material (4A, 4B) is applied on at least a portion of
the substrate (1) and the resistlayer (2A’) and where-
in a portion (4A) of the sacrificial material is removed
with a lift-off technique.

5. Method of any one of the preceding claims wherein
the substrate (1) comprises silicon.

6. Method of claim 3, 4 or 5, wherein the resist layer
(2A’) comprises at least one of an oxide layer and a
photo-resist layer and the removal of substrate ma-
terial is performed by reactive ion etching (RIE).

7. Method of any one of the preceding claims wherein
the membrane material comprises silicon nitride.

8. Method of claim 7, wherein the membrane (5) is fab-
ricated according to a method comprising the steps
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of:

deposition of a first layer comprising silicon ni-
tride;

deposition of a second layer comprising at least
one of silicon oxide and silicon oxynitride;
deposition of a third layer comprising silicon ni-
tride.

Method of any one of the preceding claims wherein
the sacrificial material (4A, 4B) comprises copper.

Electro-acoustic transducer (8) comprising a sub-
strate (1) of a substrate material, a cavity (3) and a
membrane (5) extending over at least a portion of
the cavity,

wherein the cavity is arranged in the substrate ma-
terial and the membrane is supported above the cav-
ity by the substrate material.

Electro-acoustic transducer (8) according to claim
10, wherein the substrate material (1) comprises sil-
icon.

Electro-acoustic transducer (8) according to claim
10 or 11, wherein the membrane (5) comprises sili-
con nitride.

Electro-acoustic transducer (8) according to claim
12, wherein the membrane (5) comprises a first lay-
er, a second layer and a third layer,

wherein the first layer comprises silicon nitride,
wherein the second layer comprises at least one of
silicon oxide and silicon oxynitride, and

wherein the third layer comprises silicon nitride.

Electro-acoustic transducer (8) according to any one
of claims 10-13, wherein the membrane (5) compris-
es a first surface (9), a first membrane portion and
a second membranes portions,

wherein the first surface faces away from the sub-
strate (1),

wherein the first membrane portion is arranged on a
first portion of the substrate (1) adjacent a cavity (3),
the first membrane portion being attached to and
supported by the first substrate portion, and
wherein the second membrane portion is arranged
adjacent the first substrate portion and extending
over at least a portion of the cavity,

wherein at least the first surface of the second mem-
brane portion extends a different distance from the
substrate than the first surface of the first membrane
portion.

Electro-acoustic transducer array comprising a plu-
rality of electro-acoustic transducers (8) according
to any one of the claims 10-14.
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