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Implementation of a New Capacitive Touch Sensor
Using the Nanoporous Anodic Aluminum Oxide

(np-AAQO) Structure

Chitsung Hong, Lian Chu, Weicheng Lai, Ann-Shyn Chiang, and Weileun Fang

Abstract—This study reports the implementation of a high-per-
formance capacitive-type touch sensor by using the nanoporous
anodic aluminum oxide (np-AAQ) layer. The np-AAQO layer is
batch fabricated as the template to enable the direct formation
of nanotexture metal film after deposition. The np-AAO is also
exploited as the dielectric layer. Thus, the integration of np-AAO
layer and the nanotexture metal film is employed to realize a
metal-insulator-metal parallel-plate capacitance sensor. The
sensitivity of the capacitive-type touch sensor is enhanced by the
nanostructures. In application, the Au and Al metal layers and
np-AAO are fabricated on Si substrate to form the parallel-plate
capacitor. The testing demonstrates the np-AAO-based touch
sensor has higher sensitivity. In addition, the detection of small
object such as Drosophila using the fabricated np-AAQ-based
touch sensor is also demonstrated.

Index Terms—np-AAQO (nanoporous anodic aluminum oxide),
capacitive sensor, nanocapacitor, touch sensor, nanotexture films.

1. INTRODUCTION

HE nanoporus anodic aluminum oxide (np-AAO) film
T with uniform-distributed and high-density nanoscale
pores (several microns in thickness and several nanometers in
diameter) is a promising material for microelectricalmechanical
systems (MEMS). Such np-AAO film finds many applications
in nanostructures and devices [1]-[9]. The performances of the
np-AAO-based devices can be easily improved by varying the
np-AAO film characteristics, such as the nanostructure pattern,
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nanopore arrays distance, nanopores diameter, depth, and
nanostructure materials properties [10]-[16]. The np-AAO can
also integrate with metal film using planar fabrication process
to realize various microsensors [17]-[20]. In these applications,
the np-AAO film acting as a template to enable the formation
of nanotexture metal film. The film with nanotexture shows
outstanding material properties for micro sensors. Thus, the
integration of nanotexture thin film and np-AAO nanostructure
on Si offers an alternative for MEMS applications. Moreover,
the integration of np-AAO film with other nanostructures, such
as nanotubes, nanowire, nanoparticle, and nano-aggregates
has also been extensively reported [21]-[27]. For instance, the
existing works include atomic layer deposition (ALD), thermal
CVD synthesis, and electrochemical deposition. However,
complicated as well as high-temperature processes are required
for these approaches. Thus, the easily fabricated np-AAO
devices can find various applications such as the electrical
sensing devices [28]-[31].

Recently, the capacitive type tactile or pressure sensors have
been extensively reported [32]-[35]. Most of these sensors
detect the tactile force by using the gap change of sensing elec-
trodes [32]-[34]. Various approaches have also been reported
to improve the sensitivity of the capacitive type tactile sensors,
such as the reducing of sensing gap [32]-[34], the design of me-
chanical structure [33], [34], and the adopting of material with
higher dielectric constant [32]. A novel capacitive sensor to
detect the tactile force by using the area change of deformable
sensing electrode has been presented in [35]. However, it
remains challenging for the existing devices to detect the touch
of objects with very small contact forces, such as the insects.
Therefore, this study proposed a novel capacitive touch sensor
to detect the contact of object by using the variation of sensing
area using the electrodes with nanopores. This study exploits
the existing nano fabrication processes to fabricate the np-AAO
film as the template to form the nanotexture metal film for
the capacitive type touch sensor. Thus, the sensing area of the
touch sensor is significantly increased by the nanopore arrays
of the np-AAO with nanotexture Au film, and the sensitivity of
the touch sensor is improved. Moreover, the np-AAO film has
higher dielectric constant to improve the initial capacitance of
the capacitive sensing devices. In applications, the parallel-plate
capacitors formed by the np-AAO layer and the Au film with
nanotexture are realized and characterized. The detecting of
Drosophila also demonstrates the capability of np-AAO-based
parallel-plate capacitor as a capacitive type touch sensor for
tiny objects.

1530-437X/$26.00 © 2011 IEEE
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Fig. 1. (a) Scheme of the proposed capacitive-type touch sensor with np-AAO films and Au nanotexture layer. (b) Cross section to show the MIM (metal-dielectric-
metal)-based touch sensor consisted of two metal films and a np-AAO dielectric layer. (c) The schematic illustration of the capacitive sensing mechanism as an

object touch the MIM sensor.

II. DESIGN AND FABRICATION

A. np-AAO-Based Capacitive Touch Sensor Design

This study exploits the np-AAO nanostructure to realize the
parallel-plate capacitor, and further employs such capacitor for
the application of touch sensor. The schematic illustration in
Fig. 1(a) shows the device architecture of the present capacitive
touch sensor with np-AAO nanostructure. In this design, the
np-AAO is fabricated on top of the Si substrate with a lower
metal electrode. Another metal film is further deposited and
patterned on the np-AAO layer as the top electrode. According
to the pattern transformation of np-AAQO, the top metal film
with nanotexture surface topography can be achieved. Since
the np-AAO film acts as an insulator, the design of metal
and np-AAO layers in Fig. 1(b) can be exploited to form a
metal-insulator-metal (MIM) capacitor device. Due to the ex-
isting of nanopores, the object contacted with the MIM device
will lead to the capacitance change, as indicated in Fig. 1(c).

Thus, the MIM device with nanopores acts as a capacitive
touch sensor. The initial capacitance (Cnp—aa0) of the touch
sensor is enhanced by the high dielectric constant of np-AAO
film [4]. Moreover, the np-AAO film with nanopore arrays to
increase sensing surface areas and significantly improves the
sensitivity of the presented touch sensor. In application, the
MIM capacitive type touch sensor consisted of the np-AAO
dielectric layer and the gold (Au) and aluminum (Al) metal
films is implemented and characterized.

B. np-AAO-Based Capacitive Touch Sensor Fabrication

Fig. 2 illustrates the fabrication process steps in this study.
First, the silicon substrate was evaporated with 500 nm thick Al
film, as shown in Fig. 2(a). After that, the Al film was etched by
using the two-step anodization technique to prepare the np-AAO
film [1], as shown in Fig. 2(b). During the anodization process,
the substrate was first immersed into a 12 °C aqueous solution
with 0.3 M oxalic acid at 47 V DC voltage, and the np-AAO
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Fig. 2. (a)—(c) The fabrication process steps. (d) FESEM micrographs of typ-
ical np-AAO-based capacitive touch sensor.

layer was formed on top of the Al film. Following this, the sub-
strate was immersed in a mixture of chromic acid (1.8 wt%)
and phosphoric acid (6 wt%) at 60 °C in order to remove the
np-AAO formed on top of the Al film. Next, the substrate un-
derwent a second anodization process, with conditions the same
as the first anodization step. After the anodization processes, the
substrate was covered with a 30 nm thick Al film and 570 nm
thick np-AAO layer, and the uniform and high density nanopore
array of the np-AAO were used for capacitive touch sensor. As
illustrated in Fig. 2(c), the Au film (50 nm) was evaporated by
E-Gun and capped on np-AAO film. Thus, the np-AAO acted as
a template to enable the formation of nanotexture Au film. The
device in Fig. 2(c) forms the Au-np-AAO-Al parallel-plate ca-
pacitor as the capacitive touch sensor. The field emission scan-
ning electron microscope (FESEM, JEOL 7000SF) images in
Fig. 2(d) show the top view and side view of a typical fabricated
Au-AAO-Al parallel-plate capacitor. The Au nanotexture and the
nanoporous are observed from the top view FESEM image. The
np-AAO film has an average nanopore diameter of 54 nm. As
indicated in the side view FESEM image, the Au-AAO-Al layers
and the Si substrate are also clearly observed. The thickness of
the np-AAO film measured by the FESEM was 570 nm. Ac-
cording to [3], the porosity of the fabricated np-AAQO film de-
termined from the FESEM image in Fig. 2(d) is 23.57%.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Electronic Characteristics of np-AAO-Based Capacitive
Touch Sensor

The initial capacitance of the fabricated parallel-plate ca-
pacitor has been characterized using the LCR meter (Agilent
E4980A), and the input signal is consisted of a DC voltage of
1 V and a 100 KHz AC signal of 100 mV during the measure-
ment. In comparison, the parallel-plate capacitor formed by
the Au and Al metal films and the SiO, dielectric layer have
also been fabricated and characterized. In this case, the SiOo
film (570 nm) deposited by PECVD has no porous structure,
and the top Au layer (50 nm) has no nanotexture either. The
capacitance-time curve measured using the LCR meter by two
probe method. The capacitance-time curve was used to evaluate
the performance of two capacitive touch sensors.

As a result, the initial capacitance of the SiO»-based capac-
itive touch sensor was only 1.266 nF, and the np-AAO-based
capacitive touch sensor was significantly increased to 1.745 nF.
According to [3], the porosity P (volume fraction of nanopores)
of the np-AAO-based capacitive touch sensor can be expressed

as
2T Dp 2
r= i () W

where D), is the nanopore diameter of np-AAO, and D;, is the
inter-nanopore distance of np-AAOQO, as indicated in Fig. 1(b).
The diameters D), and Dj,¢ can be determined from Fig. 2(d)
[3]. After that, the porosity P of present np-AAO-based capac-
itive touch sensor extracted from (1) 23.57%. Thus, according
to [36], the area Ao, of Au film capped on surface of np-AAO
film (related with porosity of np-AAO film) can be expressed as

Apor = AO(l - P) )

where Ay is the area of Au film on flat surface without
nanopores. The dielectric constant of np-AAO film can be
expressed as

Chp—ano -t
€0 - Apor

3

Enp—AAO =

where t is the thickness of np-AAO film, € is permittivity
in the air. Thus, from the measured capacitance Cpp,—an0
of np-AAO-based capacitive touch sensor, the dielectric
constant of np-AAO film was determined from (1)-(3) as
Enp—AAO = 7.48. Such value is slightly higher than the di-
electric constant (enp_aao = 7.03) of the np-AAO grown
using different approach [4], [28]. Since the dielectric constant
of the proposed np-AAO is twofold higher than that of SiO,
(esio2 = 3.9), the performance of capacitive touch sensor
can be improved by the np-AAO layer. Table I summarizes
the characteristics of the np-AAO-based and the SiOs-based
capacitive touch sensors.

Fig. 3 shows the measurements of capacitance change during
the contact tests of the fabricated touch sensors. In compar-
ison, the np-AAO touch sensor with nanopores and the SiO»
touch sensor without nanopores are tested. The test devices
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TABLE I
THE PARAMETER OF NP-AAQO-BASED AND S105-BASED CAPACITIVE TOUCH SENSOR

np-AAQO-based
Capacitive Touch Sensor

SiO,-based
Capacitive Touch Sensor

Parameters

3 @ Nanoporous 5
Dielectric layer Anodic Alur?ﬁnum Oxide Si0;
Fabrication Voltage (V) 47 Non
Dielectric layer Thickness (nm) 570 570
Dielectric constant 7.49 3.9
Porosity (%) 23.57 Nonporous
Initial Capacitance (nF) 1.7450 1.2661

1000pm
Radius=2500pm, d=570nm =

Fior.Desien for Au films as top metal layer for

Capacitive Touch Sensor

parallel-plate capacitor

have a circular Au sensing electrode with a diameter of 5000
pm. Fig. 3(a) depicts the capacitance change of the np-AAO
and SiOs-based touch sensors as the top sensing electrodes
fully contacted with a conductor of 5000 pm in diameter. The
measurement results show that the np-AAO-based touch sensor
has a capacitance change of 4.09% (in average), whereas the
Si03-based touch sensor has a capacitance change of less than
0.3%. It demonstrates the np-AAO-based capacitive touch
sensor with nanopore arrays and nanotexture Au film is much
sensitive than the SiO» based one. Such improvement of sensi-
tivity is mainly attributed to the existing of nanotexture on Au
film. The nanotexture Au film has a porosity P of 23.57%. As
the object contacting the nanotexture Au film, the nanopores
will be covered and caused the capacitance change AC,;,, as
indicated in Fig. 1(c). For the case in Fig. 3(a), the touch sensor
was fully covered by the object. According to (2), the area
change was Ay P, and thus the capacitance change AC,;, can
be determined as

€0€airA0P
7 .

The capacitance change determined in this manner is 4.13%
which is close to the measured one (4.09%). However, the
Au-film on SiO5 has no nanotexture and thus no significant
area change after the contact of object. Thus, the capacitance
change is much smaller than the np-AAO-based touch sensor.
This study further characterized the variation of capacitance
change with the contact area for the np-AAO-based touch
sensor. The measurement results in Fig. 3(b) show the mea-
sured capacitance has been increased from 0.05% to 4.09% as
the contact area varies from 0.28 um? to 19.63 pm?. Linear
fit of the data in Fig. 3(b) indicates the np-AAO-based touch
sensor has a sensitivity of 0.21 AC(%)/um?. Such touch
sensor with np-AAO nanopore arrays and nanotexture Au
electrode is especially useful to detect object with small contact
area. Table II also shows the comparison of the presented
touch sensor with the existing tactile and pressure ones. Note
the sensing mechanism of presented touch sensor is not the
variation of sensing gap by the weight of contact object but
the change of sensing area caused by the contact of object.
The variation of sensing capacitance with the contact pressure
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Fig.3. (a) The measured initial capacitance and the capacitance after fully con-
tact on the sensing pad for np-AAO-based touch sensor and SiO»-based touch
sensor. (b) Variation of the capacitance change with the contact area for the
np-AAO-based capacitive touch sensor.

was also measured in this study. As shown in Fig. 4(a), the
micro force gauge (HF-1, Janpan instrumentation System CO.)
with z axis translation stage was used to apply load on the
sensor. Measurement results in Fig. 4(a) show the sensing
capacitance at different contact forces, in addition, the pressure
hysteresis curve measured from loading-unloading is also
presented. Note that the np-AAO-based capacitive touch sensor
is depends on the area change caused by the contact object.
Thus, the sensing capacitance of the presented touch sensor did
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TABLE II
COMPARISON OF THE PRESENTED NP-AAQO-BASED CAPACITIVE TOUCH SENSOR WITH THE EXISTING CAPACITIVE TACTILE AND PRESSURE SENSORS

S. C. B. Mannsfeld

This study

H. K. Lee H. B. Muhammad E. G. Bakhoum

Unit Sizes 19.63pm> 64mm’ 0.48mm’ 0.80pm> 0.196 mm*
Dielectric layer np-AAO PDMS Air Air BaSrTiOs
Dielectric constant 7.49 1 1 12000
Porosity (P, %) ! 23.57 N/A. N/A. N/A. N/A.
Initial Unit Capacitance (Cy) 1.75 nF 28.40pF 0.4608pF 3.54pF 6.76pF
. . Area change by . . . Area change by
Sensing mechanism Gap closing Gap closing Gap closing
electrode w/ nanopores deformable electrode
Sensitivity by area 0.21AC(%)/pm’ N/A N/A. N/A. N/A.
. . 15.62pF/KPa 28.60pF/KPa 0.043pF/KPa 2.24pF/KPa
Sensitivity by weight N/A.
(0-2KPa) (0-250KPa) (0-120KPa) (0-3KPa)
Temperature hysteresis (%) 0.48% N/A. N/A. N/A. +0.05%
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Fig. 4. (a) Variation of the capacitance change with the contact force for
the np-AAO-based capacitive touch sensor. (b) The temperature hysteresis of
np-AAO-based touch sensor, and the inset shows the capacitance change of
fully contact np-AAO touch sensor at 100 °C ambient temperature.

not change with the contact pressure. Moreover, no pressure
hysteresis is observed in Fig. 4(a). Measurements in Fig. 4(b)
show the temperature hysteresis curve of presented capacitive
touch sensor at 55% RH (relative humidity). The temperature
hysteresis was 0.48% of the measured capacitance. This study
also characterized the capacitance change at high ambient tem-
perature. As shown in the inset of Fig. 4(b), the contact sensing
test of np-AAO-based touch sensor was performed at 100 °C.
Measurements show the sensor has a capacitance change of
4.11%, which is slightly higher than the capacitance change
(4.09%) recorded in room temperature. Thus, the presented
touch sensor is insensitive to the ambient temperature.

/' np-AAO based

touch sensor

arsal Comb

L x1.0k 100 um

Fig. 5. The FESEM micrographs of typical np-AAO-based capacitive touch
sensor. (a) Top view of the Drosophila contact on the np-AAO-based capacitive
touch sensor. (b)Tarsal Comb of Drosophila leg on top of touch sensor. (c) One
of the ~81 nm wide bristle on Tarsal Comb contacting with the Au film with
nanotexture.

B. np-AAO-Based Capacitive Touch Sensor for Tiny Object
Sensing Application

Fig. 5(a) shows a Drosophila of nearly 2 mm long on top
of the presented capacitive touch sensor. The zoom-in SEM
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to the contact of the Drosophila; and the signals respectively recorded from
(a) a frozen Drosophila and (b) a walking Drosophila.

micrograph in Fig. 5(b) shows the Tarsal Comb of Drosophila
leg (near 30 pm in wide and 100 pm in length) contacted on the
surface of the touch sensor. The zoom-in micrograph in Fig. 5(c)
further shows one of the ~80 nm wide bristle on Tarsal Comb
contacting with the Au film with nanotexture on the surface of
touch sensor.

In application, the np-AAO-based capacitive touch sensor
was used to detect the contact of tiny object. The Drosophila
was employed as the sample for the micro touch sensing tests.
Since the Drosophila was special treated with low temperature
and gene modification, it could only stand and move on the
sensor surface but not fly, as the inset photo shown in Fig. 6(a).
After detecting by the np-AAO-based capacitive touch sensor,
Fig. 6(a) shows the typical measured capacitances before
and after the contact of Drosophila. It indicates a 1.8% (in
average) capacitance changes on touch sensor after the contact
of Drosophila. Thus, the small Drosophila can be detected
by the presented capacitive touch sensor with np-AAO layer
and nanotexture Au electrode. Fig. 6(b) shows the capacitance
recorded from the np-AAO-based capacitive touch sensor
during the 5-min Drosophila contact and noncontact test. The
Drosophila was walking on the surface of sensing chip during
the test. Thus, the Tarsal Comb of Drosophila leg intermittently
contacted with the surface of np-AAO-based capacitive touch
sensor and leaded to the capacitance change. As depicted by
the square dots in Fig. 6(b), the signal without Drosophila is
employed as the reference. The circular dots indicate the mea-
sured capacitance change caused by the intermittent contact of
Drosophila. Since the capacitance change varies with the total
contact area between leg of Drosophila and sensor, the capac-
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itor has a 0.2%—1.86% capacitance change when Drosophila
contacting the Au sensing electrode.

IV. CONCLUSION

In summary, this study reports the implementation of a high
performance capacitive touch sensor by means of the np-AAO
layer and the nanotexture metal film. Such np-AAO-based
sensing devices can be batch fabricated on Si substrate. In
application, the np-AAO-based (Au-np-AAO-Al) parallel-plate
capacitive type touch sensor has been successfully implemented
and characterized. The initial capacitance of Au-np-AAO-Al
parallel-plate capacitor has been increased for 37.82% as com-
pare with the Au-SiO2-Al parallel-plate capacitor. Moreover,
the np-AAO nanopore arrays and nanotexture Au electrode
provides large sensing area for capacitive touch sensor. Thus,
the np-AAO-based capacitive touch sensor has a better sen-
sitivity. In addition, the detection of small object such as
Drosophila using the fabricated np-AAO-based touch sensor
is also demonstrated. The performance of the np-AAO-based
capacitive sensor could be influenced by the characteristics of
the np-AAO, such as the pore size and the porosity. It is of
useful to investigate the variation of the np-AAQO characteristics
with the fabrication parameters. The dominant factors for the
np-AAO capacitive touch sensors performance will be further
analyzed in the future experiment.
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