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A point Electrical Thermal Acoustic (ETA) device based on aluminum nanowire contacts is designed and fabricated.
Interdigitated structural aluminum nanowires are released from the substrate by Inductively Coupled Plasma Reactive Ion
Etching (ICP-RIE). By releasing the interdigitated structure, the nanowires contact each other at approximately 1 mm above the
wafer, forming a Point Contact Structure (PCS). It is found that the PCS acoustic device realizes high efficiency when a biased AC
signal is applied. The PCS acoustic device reaches a sound pressure level of as high as 67 dB at a distance of 1cm with 74mW AC
input. The power spectrum is flat, ranging from 2 kHz to 20 kHz with a less than ± 3 dB fluctuation. The highest normalized
Sound Pressure Level (SPL) of the point contact structure acoustic device is 18dB higher than the suspended aluminum wire
acoustic device. Comparisons between the PCS acoustic device and the Suspended Aluminum Nanowire (SAN) acoustic device
illustrate that the PCS acoustic device has a flatter power spectrum within the 20 kHz range, and enhances the SPL at a lower
frequency. Enhancing the response at lower frequencies is extremely useful, which may enable earphones and loudspeaker
applications within the frequency range of the human ear with the help of pulse density modulation.

A

Introduction

peripheral circuits. ETA devices based on silicon and other

Acoustic devices in common use now-a-days are usually based on
moving coils

1,

2

CMOS-related materials can be fabricated by CMOS technology

or electrostatic

such as photolithography, chemical vapor deposition, physical

. For devices based on moving coils, the coils are

vapor deposition, standard cleaning and etching processes, etc. An

driven by an electrical signal. The motion of the coils causes

ETA device could theoretically achieve an absolutely even

connected membranes to vibrate and thereby sound waves are

spectrum as it does not contain any resonant component.

structures

8, 9

, piezoelectric materials

3-7

generated. For piezoelectric-based and electrostatic-based devices,

The ETA effect was first demonstrated systematically in 1898

the vibrations are generated by an AC signal applied to the

by F. Braun , where both alternating and direct current were

structures, the piezoelectric membrane, and the capacitor,

applied to a bolometer. After the ETA effect was carefully

respectively. There are two drawbacks of these three types of

investigated by Arnold and Crandall12 in 1917, few investigations

speakers. One of the shortcomings is the existence of resonant

were conducted on this topic until H. Shinoda et al.13

1, 3, 8

11

for all three types. With resonant

demonstrated the ultrasonic emission of porous silicon in 1999.

peaks, it is impossible to achieve an absolutely flat power

Since then, several kinds of ETA devices based on different

spectrum. For coil-based acoustic sources, the typical fluctuation

materials were demonstrated. ETA devices were made by porous

peaks in the power spectra

range of the SPL

1, 2

is ± 20 dB. For piezoelectric-based or
3-7

silicon and aluminum membrane13, aluminum nanowires14,

and ± 10

graphene15-18, carbon nanotubes19-23, indium tin oxides24, silver

, respectively. It is necessary to fabricate a high performance

nanowires , gold nanowires , crystalline silicon , etc. Devices

acoustic device with a lower range of fluctuation. The other

based on each kind of material features different power spectrum

drawback of contemporary acoustic devices is the poor fabrication

shapes and different highest normalized SPL. These discrepancies

process compatibility. The fabrication process of most moving coil

are caused by differences in the shape of the structure, Heat

transducers are not Complementary Metal Oxide Semiconductor

Capacity Per Unit Area (HCPUA), heat conductivity and fabrication

(CMOS) compatible. With a non-CMOS process, the contemporary

process

electrostatic-based devices, the typical value is ± 30 dB
dB

8, 9

acoustic devices cannot be integrated with peripheral circuits.

25

12, 28

devices

26

27

. Several theoretical works have also been done on ETA

28-33

.

These shortcomings result in an uneven power spectra of popular

The scalability, ability of integration and theoretical power

transducers, and non-integrate able features of most coil-based

spectrum flatness of the ETA device has attracted a lot of attention

acoustic devices.

in both theoretical and experimental domains; however, its

Most ETA devices could be both CMOS-compatible and
10

scalable , enabling integrating extremely small transducers with

efficiency remains low and the power spectrum is uneven at low
frequencies. This work demonstrates a point ETA device based on
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PCS, which could enhance the performance of ETA device by

system is composed of two separate parts. One part is the energy

solving these problems. Fig. 1 demonstrates the concept of a PCS

of the fluid and the other part is the energy of the sound source.

acoustic devices and Fig. 2 shows the structure of the PCS acoustic

Furthermore, the fluid is considered as the combination of fluid

devices. Power spectra of both PCS acoustic devices and SAN

outside the device and fluid inside the device . The thermal

acoustic devices are compared. The PCS acoustic device is

energy of the fluid outside the device is calculated by Eqn (2).

fabricated on a wafer-scale and the reliability and uniformity of the

28

dQ fluid ,outside
dt

fabrication process is tested.

∞

= ∫ ρ ACv , fluid T ω ⋅ 2π r 2 dr

(2)

0

The rest of this article is assembled as described below: Part

By calculating the integration, the thermal energy of the fluid

II demonstrates a theoretical method to characterize the

outside the device could be described by a more explicit

performance of the PCS acoustic device and compares it with the

differential equation, shown by Eqn (3).

performance of the SAN acoustic device. Part III describes the

dQ fluid ,outside

fabrication processes of both the PCS acoustic device and the SAN

dt

acoustic device and compares the effect of different substrate
materials to the formation of PCS. Part IV describes the test results
and compares the performance between the PCS acoustic device
and the SAN acoustic device. Part V compares the PCS acoustic
device and the SAN acoustic device by showing simulation results.

= ρ ACv, fluid T0ω ⋅

simplify the equations.

Q& fluid , PCS ≡ Q& fluid ,outside + Q& fluid ,inside
ξ PCS ≡
ρ Cv , fluid

B Theory of the PCS acoustic device
12

The ETA effect could be described as four serialized stages . The

periodic heating of nanowires takes place, resulting in periodic
temperature variation of the device surface. The second stage is a
heat transfer process. The propagation of periodically variating
temperature from nanowires into the surrounding fluid forms a
temperature wave. The third stage is a fluid expansion and

(3)

&
In Eqn (4) and Eqn (5), Q
fluid , PCS and ξ PCS are defined to

Finally, the conclusions are provided in part VI.

first stage is a joule heating process. When an AC signal is applied,

2π
3π 

sin  ωt − 
4 
2k13


ρ s Cs d s
32


α 
⋅  2π  v  + d gap , PCS 


π f 



(4)
(5)

In Eqn (5), d gap , PCS is the distance between contact points
and the substrate, ρs is the density of source, Cs is the heat
capacity of source and ds is the thickness of the source. Using Eqn

contraction process. The last stage is a sound emission process.

(1) ~ Eqn (5), the relationship between the applied power and the

The amplitude of the temperature wave falls rapidly and the sound

thermal energy propagated into the fluid is calculated.

wave evolves from the pressure oscillation.
The first and second stages are determined by the character
of the nanowires and the fluid, including HCPUA and heat
conductivity of the nanowires and the efficiency of convection
12, 28, 34

between nanowires and the fluid

1
1
Q& fluid , PCS = ⋅
⋅ Pe
2
2 1 − 2ξ PCS + ξ PCS

(6)

In Eqn (6), Pe is the power of the input signal. The third and

. Before considering the

fourth stages are based on the state equation of fluid. The

heat propagated into fluid, the distribution of nanowire

relationship between the sound pressure and the thermal energy

temperature is calculated by Eqn (1)34.

of the fluid is described by Eqn (7)28.

T = T0 exp(−k1r) × sin(ωt − k1r)

In Eqn (1),

πf
αv

k1 =

frequency of signal,

f

and α v

(1)

=

k
. ω is the circular
ρ Cv

is the frequency of signal, T0 is the

temperature of source, k is the conductivity of fluid,

Cv , fluid is

the heat capacity of fluid at constant volume, and

ρ

is the

density of fluid. The equation has been modified using three
dimensional spherical coordinates. The thermal energy of the

prms =

f
× Q& fluid
2 2C pT0 r

(7)

In Eqn (7), C p is the heat capacity of fluid at constant
pressure. Considering all these four stages and the structure of the
PCS acoustic device, the equation of the sound pressure is
demonstrated by Eqn (8), showing a direct relationship between
frequency and sound pressure. The essential point of the
calculation is that the phase delay has been considered which
gives out a different result.
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prms , PCS =

1
1
f
⋅
⋅
⋅ Pe
2
2 1 − 2ξ PCS + ξ PC
S 2 2C pT0 r

acoustic devices are CMOS compatible [Fig. 3]. This important
(8)

sources with peripheral circuits and also the scaling down of

The performance of the SAN acoustic device is also

ρ s Cs d s

wafer with a 500 nm thick silicon oxide layer. The wafer is cleaned
(9)

using acetone and ethanol, dried on a hot plate, and then
spun-cast using NRZ-6000 PY photoresist. Subsequently, the wafer

 1  α 1 2

v
+ d gap , AW 
 2  π f 




ρ Cv, fluid ⋅ 

where

device size. As shown, the PCS acoustic device goes through five
steps before it is tested. The device is based on an n-type 2-inch

calculated. ξ AW is defined in Eqn (9) to simplify the equations:

ξ AW ≡

feature for ETA devices enables future integration of sound

is patterned using a 2-inch mask aligner and developed using RD-6
for 1 min. The developed wafer is sputtered with 30 nm aluminum

d gap , AW is the distance between the nanowires and

afterwards and then the lift-off process is done in an ultrasonic
cleaner using acetone for 5 min. Before the lift-off process, wafers

the substrate. The thermal energy propagated into the fluid is

are placed horizontally in N2 atmosphere for 24 hours to let the

calculated in Eqn (10).

strain between the aluminum layer and the silicon oxide layer

2
3
(2 + 2 2ξ AW + 2ξ AW
+ 2ξ AW
)
Q& fluid , AW =
⋅ Pe
2
2
4(1 + 2ξ AW + ξ AW )

release, avoiding unwanted damage of nanowires caused by the
(10)

Since the structure is totally different to the PCS acoustic
device, the results are fundamentally different.

strain. After the lift-off process, the exposed silicon oxide is etched
away by SF6 and O2 using ICP-RIE method. After the silicon oxide is
etched, the silicon underneath is etched by SF6 using the same
equipment and method. The SAN acoustic device shares the same

The relationship between the sound pressure and the

fabrication process as the PCS acoustic device, except differences

thermal energy of the SAN acoustic device is the same as it is of

in masks. Optical microscope images of PCS devices after lift-off

the PCS acoustic device. Thermal conversion ratio (TCR) η is

process are shown [Fig. 4]. The width of each nanowire is about 2

defined as

η = Q& fluid / Pe

μm while the thickness is 30 nm. For the PCS acoustic device,
. Ratio of the pressure of two structures is

calculated by Eqn (11).

nanowires are released as shown in the SEM image [Fig. 5]. Each
contact point is a point sound source. The area of the contact

η PCS
1 / 2(1 − 2ξ PCS + ξ )
(11)
=
2
3
η AW (2 + 2 2ξ AW + 2ξ AW
+ 2ξ AW )
2
4(1 + 2ξ AW + ξ AW
)2
In Eqn (11), ρ = 0.8826kg / m3 , k = 0.03365W / m ⋅°C ,

point is determined by the scale of nanowires together with the

Cv , fluid = 1014 J / kg ⋅°C , ρ s = 2700 kg / m 3 , Cs = 880J / kg ⋅°C ,

PCS acoustic device could be considered as a 0-D acoustic device,

ds = 30nm , d gap , AW = 10 µ m , d gap, PCS = 1mm . The frequency is

SAN acoustic device after lift-off are also shown [Fig. 4, 5]. The

set at 20 kHz. The TCR of each structure is calculated, giving out

thickness are the same as the width and the thickness of the PCS

prms , PCS
prms , AW

η AW

=

2
PCS

= 0.084 and ηPCS = 0.519 . The ratio of pressure generated by

twisting angle of the contact. Considering the width and thickness
of nanowires, the smallest possible contact area is 30*30 nm
2

2

2

while the largest is 2*2 μm . With a contact area of 30*30 nm , a

comparing to other sound sources. Photos and SEM images of the

length of a single nanowire is 100 μm and the width and the

acoustic device.

the two acoustic sources is 6.655. The highest normalized SPL of
the PCS acoustic device is 16.5 dB higher than the highest
normalized SPL of the SAN acoustic device.

B

Formation of PCS
Different substrates have been used to investigate the

formation of PCS. ETA devices are fabricated based on silicon wafer

C

Method

with 500 nm thick silicon oxide (Sample A), and silicon wafer with

This part is divided into three sections. Section A describes

no oxide (Sample B). Both samples go through five steps

fabrication processes of both PCS acoustic devices and SAN

mentioned in Section A before they are tested. Although the

acoustic devices. Section B shows how the substrate material

duration, the power, and the air flow density of the etching

affects the device fabrication and illustrates how the PCS is formed

process are adjusted for sample B, PCS is not formed. Comparing

by strain releasing. Section C describes the test method.

differences between samples A and B, we stated that the
formation of PCS is due to the existence of silicon oxide layer

A Fabrication Process
The fabrication of both PCS acoustic devices and SAN

between the aluminum nanowires and the silicon substrate. The
main difference between the two samples is the existence of the
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silicon oxide layer. For sample A, strain exists between aluminum

kHz to 20 kHz and the SPL is almost the same at frequency higher

and silicon oxide, and between silicon oxide and silicon. For

than 5 kHz. For SAN acoustic device, the ± 3 dB range is from 6.6

sample B, strain exists only between aluminum and silicon. As the

kHz to 20 kHz, which is 4 kHz narrower than the PCS acoustic

formation of silicon oxide is based on thermal oxidation of silicon,

device, and the SPL is continually increasing as the frequency

the strain between the silicon substrate and the silicon oxide layer

increases. The mounting of the SPL with frequency increase has

is too large to be ignored. Fig. 5 illustrates the formation of PCS

already been reported by several groups and theoretical

and the effect of strain on the formation. As shown in Fig. 5, the

investigations have also been conducted to explain this

first stage is the etching of silicon oxide. Since the technique

phenomenon

adopted is not absolutely anisotropic, the exposed silicon oxide is

for PCS acoustic source at high frequencies. Moreover, SPL

etched heavily while the part under nanowires is slightly etched,

mounting for the PCS acoustic device is seen at low frequencies

forming a trapezoid structure (Marked in Fig. 5b). The second stage

with a gradient larger than the SAN acoustic device. The rapid

is the over etching of silicon. Considering the isotropy and

climbing of SPL in low frequency range indicates good device

selectivity of the process and the etchant respectively, the silicon

performance since the SPL is raised to a higher level at a lower

oxide is protected while the silicon is etched to a trapezoid

frequency.

29-32

. There is no significant SPL climbing feature seen

structure (Marked in Fig. 5d). As the etching continues, the silicon

The power applied to the devices and the highest normalized

under silicon oxide is etched away, releasing the silicon oxide

SPL generated are compared to consider the efficiency of the

together with nanowires from the substrate. The release is

devices. For the PCS acoustic device, the highest SPL generated is

accompanied by curling of the nanowires. This curling effect is due

56 dB with an AC power consumption of 25 mW. For the SAN

to the continuous releasing of strain between the silicon oxide

acoustic source, the highest SPL generated is 59 dB with an AC

layer and the silicon substrate. The strain-caused distortion of

power consumption of 266 mW, i.e., the PCS acoustic device uses

silicon oxide eventually causes the attached nanowires to curl,

less than 1/10th the power but gives out almost the same SPL

forming the PCS.

compared to the SAN acoustic device. The power spectra for both
the PCS acoustic device and the SAN acoustic device are

C

Test Setup

normalized. The normalization is done by setting the sound

Both the PCS acoustic device and the SAN acoustic device are

collecting distance at 1 cm and the total power consumption at 1

tested under the same equipment setting and using the same

W. Power spectra of both acoustic sources are shown in Fig. 7. The

method. The acoustic device is tested in frequency-domain from

PCS acoustic device reaches a highest normalized SPL of 79 dB

500 Hz to 20 kHz. The input sinusoidal signal is generated by an

considering the power consumption of DC bias and 88 dB

Agilent 35670A spectrum analyzer and the sound generated is

considering only the AC power. The highest normalized SPL for PCS

collected by a B&K receiver (Model 4134). The equipment setting

acoustic device is 18 dB higher than the SAN acoustic device,

is shown [Fig. 6]. The sound collecting distance is 1 cm from the

which fits well with the calculated results of 16.5 dB, indicating an

sound emitting position, i.e., 1 cm from the wafer for the SAN

efficiency enhancement by a factor of approximately 7. Enhancing

acoustic device, and 1.1 cm from the wafer for the PCS acoustic

the efficiency of ETA acoustic devices may enable the application

device. The frequency of AC signal is swept from 500 Hz to 20 kHz,

of such sound sources to portable devices, i.e., smartphones,

collecting 400 points during 40 seconds. A 5 V DC bias is applied to

laptops and tablets, etc.

handle the double frequency effect7. The peak to peak value of the
AC signal measures 10 V.

Furthermore, the SPL and power spectra comparison
between PCS acoustic devices are also made [Fig. 8]. These PCS
devices are on different wafers or differ in terms of their positions

D Results and Discussion

on a same wafer. Fig. 8 illustrates fabrication reliability and device

SPL and power spectra comparison between PCS acoustic devices

consistency. All three spectra are almost the same in terms of

and SAN acoustic devices are made [Fig. 7]. Comparison of the SPL

shape and SPL. The similarity in spectra of devices at different

and power spectra between two types of devices shows two

positions on the same wafer indicates good device consistency and

significant differences, firstly, the flatness of the spectra, and

the similarity of spectra of devices on different wafers at the same

secondly, the SPL at low frequency range down to 500 Hz. The

position means good fabrication reliability.

main criteria we adopted for performance of acoustic devices are ±

The time dependency of PCS acoustic devices is tested, as

3 dB fluctuation range and the highest normalized SPL. A wider

shown in Fig. 9. This test shows slight spectral change in the high

range and a normalized higher SPL both indicate a better device.

frequency range. When measured soon after fabrication, the PCS

For PCS acoustic device, the ± 3 dB fluctuation range is from 2.6

acoustic device has a ± 3 dB fluctuation range starting from 2 kHz
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to 20 kHz and a ± 2 dB fluctuation range starting from 4 kHz to 20

(moving coil, electrostatic, and piezoelectric) are not typically
CMOS-compatible, they produce larger SPL than an ETA device.

kHz.

The ETA device still need continuous improvements considering

E

Simulation Results

the efficiency in order to make it suitable for practical loudspeaker

Performances of both the PCS acoustic device and the SAN

and headphone applications.

acoustic device are simulated [Fig. 10]. The false color in the figure
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Captions of Figures
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Fig. 1 Schematic drawing of the heat transfer process of
a) Traditional aluminum wire ETA device, b) SAN
acoustic device, c) PCS device. a) Traditional devices
suffer from severe heat leakage through the substrate as
aluminum wires are fixed to the substrate. b) The design
of SAN acoustic device weakens the heat leakage as
there exists an air gap (~ 10 µm) between the aluminum
wires and the substrate. c) The design of PCS acoustic
device solves the heat leakage problem by releasing the
aluminum nanowires. The distance between the contact
area and the substrate is ~1 mm.
Fig. 2 a) Cross-section view of the PCS acoustic device.
The contact area is released to about 1 mm above the
substrate. b) Overview of wafer-scale PCS acoustic
devices and SAN acoustic devices.
Fig. 3 Fabrication process of the PCS acoustic device.
The SAN acoustic device shares the same process using
different masks.
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Fig. 4 Photos of, the a) PCS acoustic device after the
lift-off process, and the b) SAN acoustic device after the
lift-off process.
Fig. 5 Schematic drawings and SEM images of the
device etching and releasing process. a) ~e): Enlarged
and detailed etching process. The metallic top layer is
aluminum, while the middle and bottom layers represent
silicon oxide and silicon respectively. a) A part of the
device before etching. b) Silicon oxide is etched. c) Due
to the anisotropic nature of the ICP-RIE process, the
silicon oxide layer under the aluminum is etched with a
rate smaller than the rate of etching exposed silicon
oxide. d) Silicon etching is conducted after the silicon
substrate is exposed. e) Due to the anisotropic nature of
the ICP-RIE process, the silicon layer under the silicon
oxide is also etched. f) Schematic drawing of the device
before etching. Interdigitated structure is shown. g)
Schematic drawing of device after etching. Aluminum
nanowires are released above the wafer. h) Overview of
the PCS acoustic source. i) SEM photo of a PCS acoustic
source device. The aluminum nanowires are curled and
contact each other at a position above the substrate. j) A
zoomed-in micrograph of the indicated area in panel (i).
The marked area is the PCS. k) SEM photo of an SAN
acoustic source device. l) A closer view of the SAN
acoustic source device. The trapezoid structures are
marked in panels (b) and (d).

Fig. 6 Schematic figure showing the test setup. Sound
output is generated by the PCS acoustic device connected
to a signal generator. Sound is captured by a microphone

Nanoscale

and recorded by a dynamic signal analyzer. The signal
generator and the signal analyzer are synthesized using
an Agilent 35670A.
Fig. 7 Comparison between normalized performance of
the PCS acoustic device and the SAN acoustic device.
Both original spectra are normalized to 1 W AC input
and 1 cm sound-collecting distance. The normalized PCS
spectrum has a highest SPL 18 dB higher than the
normalized SAN spectrum, indicating a more than 7
times enhancement of efficiency. The normalized
spectrum of the PCS acoustic device is shifted to the
average level of the normalized spectrum of the SAN
acoustic device to compare the flatness. The normalized
spectrum of PCS is flat (± 3 dB) from 2.6 kHz to 20 kHz,
while the normalized spectrum of SAN is flat (± 3 dB)
from 6.6 kHz to 20 kHz.
Fig. 8 Fabrication reliability and device consistency test
of the PCS acoustic devices. The green line (GL) and red
line (RL) correspond to sample 1 and 2 on the same
wafer respectively, while the black line (BL) corresponds
to sample 3 on another wafer whose relative position on
the wafer is the same as sample 1. The level-consistency
of the GL and RL indicates good device consistency
whereas the shape-consistency and level-consistency of
the RL and BL indicates good fabrication reliability.
Fig. 9 Time dependency of the PCS acoustic device. The
device fabrication was performed on day 1 while day 8 is
a week later. Immediately after fabrication, the device
performs from as low as 1 kHz up to 20 kHz with a ± 3
dB range from 2 kHz to 20 kHz, and the SPL is uniform
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from 4 kHz to 20 kHz. A week later the device is
oxidized, showing slight changes in the spectrum.
Fig. 10 Simulations of SPL for SAN acoustic devices (a,
c) and PCS acoustic devices (b, d) working at 1 kHz (a, b)
and 10 kHz (c, d). The false color in a), b), c) and d)
represent the SPL. The input power is the same for
devices in a) and b), and c) and d), respectively. The PCS
acoustic device generates higher SPL at both 1 kHz and
10 kHz. e) Comparison of theoretical performances
between the PCS acoustic device and the SAN acoustic
device. f) Power spectrum of the PCS acoustic device up
to 5 MHz. It is shown that the PCS acoustic device has a
flat power spectrum up to 5 MHz.
Table 1 Comparison of performances and features
between different ETA devices.
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Fig. 2

Page 12 of 20

Page 13 of 20

Nanoscale

Fig. 3

Fabrication Process of PCS acoustic device
1:Wafer Cleaning
2:Lithography

Acetone + Ethanol, using ultrasonic cleaner

3:Sputtering

Negative photoresist, using
NANGUANG 2-inch mask aligner

30 nm aluminum, placed horizontally in O2free environment for 24h after sputtering

4:Lift-off
Acetone + Ethanol, using ultrasonic
cleaner

5:Etching
SF6 + O2, using ICP-RIE equipment

PCS acoustic device to test

Fig. 4
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20 μm

Fig. 5

20 μm
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Fig. 7

Comparison between PCS acoustic source and AW acoustic source
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The point-contact-structure minimizes the heat loss through the substrate
and enhances the performance of the Electrical Thermal Acoustic devices.
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