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FIG. 1

(57) Abstract: A sound source based on the thermoacoustic effect comprising a substrate (1) having a front side and an opposite
back side, and at least one conductor (2) on the front side of the substrate (1), said conductor (2) comprising a middle part and end
parts at both ends of the middle part. Said at least one conductor (2) is thermally decoupled from the substrate (1) with a lithogra -
phy process or an imprint process by etching from the front side or the back side of the substrate (1) so that the 10 whole middle
part or successive portions of the middle part of the conductor (2) is released from the substrate (1).
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Sound source based on the thermoacoustic effect

TECHNICAL FIELD

This invention relates to a sound source based on the thermoacoustic effect ac-

cording to the preamble of claim 1.

BACKGROUND ART

European patent application EP 1215936 A2 discloses a speaker including a sili-
con wafer, a thermal barrier layer formed by anodizing a part of the silicon wafer,
and an exothermic electrode made of aluminium formed on the thermal barrier

layer.

US patent application US 2005/0201575 A1 discloses a thermally induced sound
wave generating device. The device comprises a thermally conductive substrate, a
heat insulating layer formed on one surface of the substrate, and a heating element
thin film formed on the heat insulation layer. The heating element is in the form of
an electrically driven metal film. The heat conductivity of the thermally conduc-
tive substrate is denoted as and its heat capacity is denoted Cs. The heat conduc-
tivity of the heat insulation layer is denoted i and its heat capacity is denoted Ci.
It is stated that the relation of 1/100 > aiCi/asCs and aisCs > 100*10° should be

satisfied in this sound wave generating device.

WO publication 03/011747 Al discloses a method for the fabrication of sus-
pended porous silicon membranes in the form of bridges or cantilevers and of
thermal sensor devises employing these membranes. The fabrication of the sus-
pended porous silicon membranes comprises the following steps: (a) Formation of
a porous silicon layer in, at least one, predefined area of a silicon substrate, (b)

Definition of etch windows around or inside said porous silicon area using stan-
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dard photolithography, (c) Selective etching of the silicon substrate, underneath
the porous silicon layer, by using dry etching techniques to provide release of the
porous silicon membrane and to form a cavity under said porous silicon layer.
Thermal losses from the suspended-type membrane are minimized, since they
occur only through the supporting beams of the membrane, compared to a closed

membrane where thermal losses occur along its periphery.

In L. Xiao et al, Nano. Lett. DOI: 10.1021/nl1802750z the authors use carbon
nanotube films to produce sound. The authors point out the importance of heat
capacity per unit area and comment that previous works on metallic films were
not successful because of much higher heat capacity. The heat capacity achieved

in this document is said to be below 0.01 J/(m’K).

In the thermoacoustic effect, sound is produced by heating a conductor with an
electric signal either at half of the desired output frequency or at the output fre-
quency. In the latter case also a direct current signal needs to be superimposed on
the electric signal. Many frequencies may be combined together to produce an
audio signal. Provided that the conductor is thermally insulated from the ambient
temperature, in particular temperatures near room temperature, the temperature of
the conductor will oscillate as the square of the input signal. The conductor will
exchange heat with the surrounding gas i.e. air and thus the temperature of the gas
near the conductor will oscillate. This will result in oscillation of the pressure as

well, thereby inducing a pressure wave, i.¢. a sound wave.

DISCLOSURE OF INVENTION

The main characteristics of the invention are presented in the characterising part

of claim 1.

The invention relates to a sound source based on the thermoacoustic effect com-

prising a substrate having a front side and an opposite back side, and at least one
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conductor on the front side of the substrate, said conductor comprising a middle
part and end parts at both ends of the middle part. The invention is characterised
in that said at least one conductor is thermally decoupled from the substrate with a
lithography process or an imprint process by etching from the front side or the
back side of the substrate so that whole middle part or successive portions of the

middle part of said at least one conductor is released from the substrate.

Said at least one conductor is mechanically suspended from both ends in order to
thermally decouple the middle part of said at least one conductor from the sub-
strate. This decoupling has been done by clean room fabrication techniques in a
lithography process, ¢.g. a photo or an e-beam process or an imprint process. The
thermal decoupling can be achieved via etching from the front side or the back
side of the substrate in order to release the whole middle part or successive por-

tions of the middle part of the at least one conductor from the substrate.

In another embodiment of the invention a supporting film is used under the at
least one conductor. The thermal decoupling can be achieved via etching from the
front side or the back side of the substrate in order to release the whole middle
part or successive portions of the middle part of the at least one conductor as well

as the corresponding part of the support layer from the substrate.

The release of the conductor or the conductor and the supporting film from the
substrate can be made e.g. by isotropic etching of the substrate. This means that
the substrate is etched from a front side by a selective method that removes the
substrate material also from below of the conductor. If needed, the conductor can
also be protected by an extra layer, e.g. a photoresist layer, during the isotropic
etch. A possible isotropic etching method is plasma etching e.g. in reactive ion
plasma. Other possible methods for the release of the conductor are Silicon-on-

Insulator (SOI) techniques or embossing techniques.
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The substrate can be e.g. coated or non-coated silicon. The supporting film can be
¢.g. silicon nitride, aluminium oxide, aluminium nitride, or silicon oxide. The
conductor can be of metal e.g. aluminium, tungsten, gold, platinum or palladium.

It can also be of graphite or graphnene.

A good thermal insulation and a good coupling to air of the middle part of the at

least one conductor is thus achieved with a rather simple processing.

The sound spectrum produced with the invention may extend below and above

audible frequencies. In particular, also ultrasound may be produced.

The invention could be used in e.g. a loudspeaker and an ultrasound source and

arrays of them.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 shows a vertical cross section of a first embodiment of a sound source ac-

cording to the invention.

Fig. 2 shows a vertical cross section of a second embodiment of a sound source

according to the invention.

Fig. 3 shows a vertical cross section of a third embodiment of a sound source ac-

cording to the invention.

Fig. 4 shows a vertical cross section of a fourth embodiment of a sound source

according to the invention.

Fig. 5 shows a horizontal cross section corresponding to the embodiment shown

in figure 3.
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Fig. 6 shows a horizontal cross section showing the conductors of fig. 3.

DESCRIPTION OF PREFERRED EMBODIMENTS

Fig. 1 shows a vertical cross section of a first embodiment of a sound source ac-
cording to the invention. The sound source comprises a substrate 1 having a front
side and an opposite back side, a conductor 2 on the front side of the substrate 1
and a supporting film 3 under the conductor 2. The conductor 2 has a middle part
and end parts on both ends of the middle part. The middle part of the conductor 2
as well as the corresponding part of the support film 3 has been thermally released
from the substrate 1. The thermal releasing of the conductor 2 and the support
film has been done with a lithography process, ¢.g. a photo- or an e-beam process
or an imprint process by etching from the front side or the back side of the sub-
strate 1 so that the middle part of the conductor 2 is released from the substrate 1.
The middle part of the conductor 2 and the corresponding part of the support film
3 is thus surrounded by air 4 on the whole periphery of said construction, which
means that said construction forms a wire bridge that is optimally coupled to the

sound transmitting medium.

Fig. 2 shows a vertical cross section of a second embodiment of a sound source
according to the invention. The difference in relation to the embodiment shown in
fig. 1 is that the substrate 1 does not extend under the middle part of the conductor
2 and the support film 3 at all.

Fig. 3 shows a vertical cross section of a third embodiment of a sound source ac-
cording to the invention. The difference in relation to the embodiment shown in
fig. 1 is that the middle part of the conductor 2 and the corresponding part of the
support film 3 is divided into sections. The middle part of each section of the con-
ductor 2 and the corresponding part of the support film 3 is thermally released
from the substrate 1. Each section comprising the conductor 2 and the correspond-

ing part of the support film 3 form a separate wire bridge. The construction com-
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prising the conductor 2 and the support film 3 under the conductor 2 is thus di-
vided into several wire bridges along the length of said construction. This con-
struction gives additional mechanical support to the very thin film forming the
conductor. The conductor 2 forms a succession of areas that are released from the
substrate 1 and areas that are attached to the substrate 1. The total area of the part
of the conductor 2 that is released from the substrate 1 is larger than the total arca

of the part of the at least one conductor 2 that is attached to the substrate.

Fig. 4 shows a vertical cross section of a fourth embodiment of a sound source
according to the invention. The difference in relation to the embodiment shown in
fig. 3 is that the substrate 1 does not extend under the middle part of each section

of the conductor 2 and the corresponding part of the support film 3 at all.

Fig. 5 shows a horizontal cross section corresponding to the embodiment shown
in figure 3. The conductor 2 and the support layer 3 under the conductor 2 are

supported on four sides on the substrate 1.

Fig. 6 shows a horizontal cross section showing the conductors of fig. 3. The con-
ductors 2 or the conductors 2 and the supporting layer 3 under the conductors 2
are bridged over air recesses 4, i.c. they are fastened from both ends at the sub-
strate 1, whereas the whole periphery of the middle part of the conductor 2 and the
supporting layer 3 is in contact with air, i.e. released from the substrate 1. The
conductor 2 can also extend over to whole structure meaning that the end parts
and a portion of the middle part of the conductor 2 are fastened to the substrate 1.
The two successive released middle portions of the conductor 2 being on both

sides of the supported middle portion of the conductor 2.

The embodiments shown in the figures all show a supporting layer 3 under the
conductor 2. This supporting layer 3 is not compulsory and it does not benefit the
performance of the invention. The purpose of the supporting layer 3 is only to

protect the conductor 2 during the etching of the substrate from the front side or
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the back side when the middle part of the conductor 2 is released from the sub-

strate 1 and to give additional mechanical support to the structure.

The substrate 1 can be e.g. coated or non-coated silicon. The supporting film 3
can be e.g. silicon nitride, aluminium oxide or silicon oxide. The conductor 2 can
be of metal e.g. aluminium, tungsten, gold, platinum or palladium. It can also be
of graphite or graphnene. The supporting film 3 should not be thicker than the
conductor 2 so that the heat capacity per square unit of the conductor + the sup-

porting layer is low enough.

The conductor 2 should be as thin as possible, preferably in the order of 5 to 30
nanometer and it should sustain high temperatures. The thermal time constant of
the apparatus should be as low as possible, preferably less than 10 microseconds.
The conductivity and other dissipation mechanisms such as thermal radiation, and
the heat capacity of the conductors 2 as well as the engagement of the conductors
2 to air determine this thermal time constant. The sound source comprises pref-
erably a grid or network of conductors e.g. a so called spiderweb-construction or a
network of parallel conductors as shown in fig. 6. As the metal layer (conductor)
is very thin and thus fragile it can easily break. This means that the conductor 2
should be supported firmly. As an additional support a very thin isolating support
layer 3 can be used under the conductor 2, which makes the manufacture of the
device easier. The support structure and the support layer 3 must sustain elevated
temperatures and they should not cause thermal stresses that might break the con-

ductor 2.

It is important to thermally isolate the conductor 2 from the substrate 1 to avoid
heat loss. The quantities to be compared here are the heat conductivities of the
substrate and the surrounding gas. The former should be as small as possible com-
pared to the latter in order to increase the efficiency of heat transferred from the
conductor to the surrounding air. The typical heat conductance of air or another

gas is in the order of 0.01 W/mK while for instance silicon has a heat conductance
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low values, but not typically as low as air. This shows that mechanical releasing
of the middle part of the conductor 2 helps to direct the heat flow from the con-

ductor in the desired direction, i.e. into the surrounding air.

Also the heat capacity of the conductor 2 should be low in order for the conductor
2 temperature to follow the signal without latency. The heat capacity of the con-
ductor 2 can be adjusted by patterning, material properties and conductor 2 di-
mensions. The conductor 2 should also preferably have low radiation losses, i.c.
emissivity significantly below unity. The emissivity of metals is low, e¢.g. of alu-

minium Al 0.05 and of gold Au 0.04.

It is in principle possible to construct a sound source based on one conductor 2. It
is, however, more practical and efficient to use several conductors 2 in order to
achieve a mechanically sustainable sound source with sufficient sound pressure.
The inventors have constructed several versions of sound sources according to the
invention using between 6,000 and 233,000 conductors. Each conductor was 50 to
200 micrometers long, 3 micrometers wide, and 30 nanometers thick. The end
parts of the conductors were clamped to supports to form “air bridges” hovering a
few microns above the substrate underneath. It secems advisable to have at least
two, preferably at least 100 and most preferably a great number of conductors in

the sound source according to the invention.
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CLAIMS

1. A sound source based on the thermoacoustic effect comprising a substrate (1)
having a front side and an opposite back side, and at least one conductor (2) on
the front side of the substrate (1), said conductor (2) comprising a middle part and
end parts at both ends of the middle part, characterised in that said at least one
conductor (2) is thermally decoupled from the substrate (1) with a lithography
process or an imprint process by etching from the front side or the back side of the
substrate (1) so that the whole middle part or successive portions of the middle

part of said at least one conductor (2) is released from contact with the substrate

(D).

2. A sound source according to claim 1, characterised in that the sound source
further comprises a supporting film (3) under the conductor (2), whereby said at
least one conductor (2) is thermally decoupled from the substrate (1) by a lithog-
raphy process or an imprint process by etching from the front side or the back side
of the substrate (1) so that the whole middle part or successive portions of the
middle part of said at least one conductor (2) and the corresponding part of the
supporting film (3) under said at least one conductor (2) is released from contact

with the substrate (1).

3. A sound source according to claim 1 or 2, characterised in that the at least one
conductor (2) forms a succession of areas that are released from the substrate (1)
and areas that are attached to the substrate (1), the total area of the part of said at
least one conductor (2) that is released from the substrate (1) being larger than the
total area of the part of the at least one conductor (2) that is attached to the sub-
strate (1).

4. A sound source according to any one of claims 1 to 3, characterised in that the

sound source comprises at least two conductors (2).
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5. A sound source according to any of claims 1 to 4, characterised in that the

lithography process is a photo or e-beam process.

6. A sound source according to any of claims 1 to 5, characterised in that the

substrate (1) is silicon.

7. A sound source according to any of claims 1 to 6, characterised in that the
conductor (2) is made of aluminium, tungsten, gold, platinum, palladium, graphite

or graphene.

8. A sound source according to any of claims 2 to 7, characterised in that the
supporting film (3) is silicon nitride, aluminium oxide, aluminium nitride, or sili-

con oxide.
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