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Abstract
This study designs and implements a proximity sensor consisting of inductive and capacitive
sensing units. These two sensing units are vertically monolithic integrated on a single chip
using the micro-fabrication processes. In addition, low-temperature fabricated nanoporous
anodic aluminum oxide (np-AAO) is employed as the dielectric layer to enhance the
performance of capacitive sensing. The characteristics of the presented vertically monolithic
integrated inductive and capacitive proximity sensor are as follows: (1) enlarged sensing
distance of conductive objectives: capacitive sensing unit for short distance detection and
inductive sensing unit for long distance detection, (2) non-conductive object can be detected
by the capacitive sensing unit, (3) fringe effect capacitive sensing is enhanced by the spiral coil
electrode and (4) np-AAO has good dielectric properties (the dielectric constant is 11.9 in this
study) for capacitive sensing. In application, various materials (including metal, plastic and a
human finger) have been successfully detected by the presented sensor. Preliminary results
demonstrate that the typical fabricated proximity sensor has a sensing range of 0.5–5 mm for
the metal rod. In comparison, the inductive and capacitive sensing units have the sensing
ranges of 1.5–5 and 0.5–3 mm, respectively. Moreover, the non-conductive plastic rod can be
detected by the capacitive sensing unit.

(Some figures may appear in colour only in the online journal)

1. Introduction

The proximity sensor is one of the important devices for the
applications of robot [1], industrial monitoring, mobile phone,
automobile, etc. The proximity sensor has been widely used
for position detection to prevent physical contact between
objects. Many sensing techniques have been developed
for proximity sensors so far. For instance, capacitive-,
inductive-, infrared- and ultrasonic-type proximity sensors
have been respectively reported in [2–5]. To further extend the
applications of proximity sensors, size reduction and reduced
cost become two critical concerns for the device design and
implementation. In this regard, the micro-electromechanical
systems (MEMS) technology is a promising approach to
implement proximity sensors. Compact size proximity sensors
could be batch fabricated using micromachining technology.

The inductive- and capacitive-type proximity sensors have
a relatively simple structure, and can be easily fabricated. The
inductive-type proximity sensor has the characteristic of water
and oil resistance, and thus can be operated in a contaminated
environment [6]. Several approaches have been reported to
achieve the inductive proximity sensor, such as composite
materials spiral wire [7] and multi-structure spiral wire [8]. The
inductive proximity sensor is suitable for detecting conductive
targets, but is less sensitive to objects with low conductivity
and non-magnetic materials (such as the human body) [9].
In addition, the inductive sensing technique is less sensitive
to detect an object within a short distance of the sensor
[10]. The variation of the fringe electric field as well as
the parallel plate electric field has been exploited to develop
the capacitive-type proximity sensor. For the parallel-plate-
type proximity sensor, a stationary plate and the object to
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Figure 1. The device architecture of the present vertically monolithic integrated inductive and capacitive proximity sensor. The cross section
AA′ shows the proximity sensor consisted of metal films (Ti electrode and Al spiral coil), SiO2 and np-AAO dielectric layer.

be detected form the parallel plate electric field [11]. The
capacitance between such parallel plates will be changed as
the distance between the moving object and the stationary
plate is varied. Despite its wide applications, the parallel-plate-
type proximity sensor can only detect conductive objects. For
fringe effect-type proximity sensor, the sensing objects could
be either conductors or non-conductors. Moreover, the fringe
effect proximity sensor has excellent short distance sensing
capability [11–12]. However, the sensing distance of the fringe
effect proximity sensor is limited by the distribution of the
fringe electric field. It is possible to enhance the variety of
sensing objects and also increase the sensing range of the
proximity sensor by integrating the inductive and capacitive
sensing units. A novel proximity sensor to integrate bulk coil
inductive and capacitive sensing units side by side has been
reported in [13]. The concept gives inspiration to the possibility
of integrating inductive and capacitive proximity sensors using
MEMS technology.

This study presents the concept of vertical monolithic
integrating the inductive and capacitive proximity sensing

devices on a single chip. Thus, the range of the sensing
distance can be enlarged. In addition, both conductive
and non-conductive objects can be detected. The vertical
monolithic integration of the sensing units using micro-
fabrication technology can significantly reduce the size of
the proximity sensor. This study establishes the processes to
implement the presented proximity sensor. To further improve
the performance of the proximity sensor, nanoporous anodic
aluminum oxide (np-AAO) material with a high dielectric
constant is employed as the dielectric layer in this sensing
device. In this study, we have characterized the sensing
distance of the sensor, and also investigated the variation of
output inductance and capacitance with sensing objects of
various materials.

2. Concept and design

The schematic illustration in figure 1 shows the device
architecture of the present vertically monolithic integrated
inductive and capacitive proximity sensors with an np-AAO
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Figure 2. The sensing mechanism of the proposed proximity sensor
with two different sensing units: (a) the cross section of AA′

indicates the inductive sensing by the magnetic field introduced
from the Al spiral coil, and (b) the cross section BB′ depicts the
capacitive sensing by the fringe electric field generated from the Al
spiral coil upper electrode and the Ti lower electrode.

nanostructure. In this design, the proximity sensor consists
of various vertically stacked layers. The Ti and np-AAO are
fabricated on top of the Si substrate to respectively serve
as the lower electrode and the dielectric layer. Another Al
spiral is further deposited on the np-AAO layer as the upper
electrode. The upper and lower electrodes form the capacitive
sensing unit. Moreover, the Al spiral also acts as the coil
for the inductive sensing unit. This study exploits np-AAO
as a superior dielectric material [14–15]. In general, the
np-AAO film usually has been exploited to act as a template
or mask for nano-technology applications, such as nanowires
synthesis and nano-structures [16–17]. The superior electrical
characteristics of the np-AAO film have also been investigated
in [18–21]. As reported in [22], the dielectric properties of
np-AAO could be influenced by the porous structure, such as
the interpore distance (Dint), nanopore diameter (Dp) and pore
depth. In this study, np-AAO of higher dielectric constant is
employed to improve the initial capacitance as well as the
performance of the capacitive proximity sensor. Other high
dielectric materials, such as HfO2, Ta2O5 and ZrO2, have also
been reported. However, high temperature (500–700 ◦C) and
complicated fabrication processes are required. To enable the
future integration of high dielectric material above IC, the
process temperature would be a critical concern. The low-
temperature (7 ◦C) prepared np-AAO film could meet the
thermal budget of the IC process. Moreover, such np-AAO
process platform has the potential to enable the fabrication
and monolithic integration of various sensors [23–24].

Figures 2(a) and (b) respectively show two different
sensing approaches of the presented vertically monolithic

dout

din

w s

Figure 3. Some important dimensions of the presented circular
spiral coil.

integrated proximity sensor. The Al spiral in figure 2(a) acts
as an inductive coil. The magnetic field from the metal spiral
enables inductive sensing after applying an ac-signal. As an
object approaches the spiral, the magnetic flux will be changed.
Hence, the object is detected by the inductance change of the
spiral. By using the model established in [25–26], the electrical
inductance L of the circular spiral coil employed in this study
(as shown in figure 3) is expressed as

L ∼= μ0n2davgc1

2

[
ln

(c2

F

)
+ c3F + c4F2

]
, (1)

where n is the number of turns of the spiral coil, davg is
the average diameter of the coil windings and F = (dout –
din)/(dout + din) is the fill factor of the coil windings. The
permeability constant μ0 is 4π × 10−7 (in henries per meter).
Moreover, the geometric coefficients for the circular spiral are
c1 = 1, c2 = 2.46, c3 = 0 and c4 = 0.2, respectively [27].

Moreover, the Al spiral and the Ti film in figure 2(b)
form the electrodes for capacitive sensing. The electric field
(including the fringe electric field) is schematically illustrated
in the figure. Thus, the fringe capacitance between the metal
spiral upper electrode and the Ti lower electrode enable
the capacitive sensing. Since the inductive and fringe field
capacitive sensing devices are respectively employed for long
distance and short distance proximity detecting, the range
of the sensing distance is enlarged by the present design.
The fringing capacitance is significantly influenced by the
geometrical pattern of the sensing electrode [28]. Thus, as
compared with the conventional rectangular parallel plate
electrode [29], the spiral coil electrode could increase the
fringe sensing capacitance. The commercial finite element
software (ANSOFT Maxwell) is employed to simulate the
distribution of the electric field for parallel plate sensing
electrodes. Both the magnitude and direction of the electric
field are indicated by the arrows and colors. The fringe electric
fields for both square and spiral electrodes are respectively
displayed in figures 4(a) and (b). As indicated in figure 4(a),
the approaching object mainly influences the distribution of the
fringe electric field, and further causes the capacitance change
of the proximity sensor. This simulation result agrees with
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Figure 4. The simulation results of fringe electric field lines distribution between: (a) the rectangular parallel plate electrodes, and (b) the
presented circular spiral coil upper electrode and the rectangular plate lower electrode.

the discussion in [1, 11–13]. In this regard, in this study, we
design the spiral coil to increase the perimeter of electrodes.
As depicted in figure 4(b), the distribution of the fringe electric
field has been increased. Thus, as an object approaches, the
distribution of the fringe electric field along the perimeter of
the spiral coil is influenced. As a result, the variation of electric
field is increased so as to enhance the magnitude of the sensing
capacitance.

Moreover, the measured capacitance of the sensor can be
expressed as

C = ε · ε0 · A

t
, (2)

where ε and t are respectively the dielectric constant and
thickness of the np-AAO dielectric layer, A is the area of
the metal electrode and ε0 is permittivity in the air (ε0 ≈
8.854 × 10−12 in farads per meter). According to the

higher dielectric constant of the np-AAO film, the capacitive
proximity sensor has superior performance.

3. Fabrication and results

The fabrication processes to implement the presented sensor
are displayed in figure 5. As shown in figure 5(a), the 100 nm
thick Ti film and 330 nm thick Al film were deposited onto
the Si substrate. The Ti and Al films were respectively acting
as the lower electrode and the layer for the following np-
AAO. After that, the Al film was etched by using the two-
step anodization technique [30–31] to implement the np-
AAO layer, as illustrated in figures 5(b)–(d). The dielectric
constant can be improved as the np-AAO has uniform interpore
distance and nanopore diameter. In other words, the dielectric
constant of np-AAO could be modified by the anodization
process conditions for the np-AAO film, such as anodization
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Figure 5. Fabrication process steps: (a) deposited Ti/Al on Si
substrate, (b)–(d) anodization of Al to form the np-AAO, (e) Ti
electrode contact pad was defined, ( f ) Al film was evaporated on
np-AAO and patterned as spiral coil, (g) SiO2 was deposited as the
insulation layer and (h) Al was evaporated and patterned as the
bridge for electrical routing.

temperature, voltage and time [21]. The two-step anodization
process could improve the uniformity of interpore distance and
nanopore diameter for the np-AAO film and further increase its
dielectric constant. Moreover, various pre-treatment methods
such as the SiC mold imprint lithography or direct focused-
ion-beam lithography have been reported in [31] to further
enhance the regular arrangement of pores. These pre-treatment
techniques could further improve the dielectric constant of
the np-AAO film. During the first anodization process, the
substrate was first immersed into a 7 ◦C aqueous solution with
0.3M oxalic acid (H2C2O4) at the voltage of 40 V dc [16], and
the np-AAO layer was formed on top of the Al film, as shown in
figure 5(b). The substrate was then immersed into the mixture
of chromic acid (1.8 wt%) and phosphoric acid (6 wt%) at
70 ◦C to remove the np-AAO formed on top of the Al film, as
depicted in figure 5(c). After that, the substrate underwent the
second anodization process with the same process conditions
as the first one. As shown in figure 5(d), the substrate was
covered with a 100 nm thick Ti film and a 300 nm thick np-
AAO layer after the above two-step anodization processes.
The np-AAO with self-organized nanopores was exploited
as the dielectric layer for the presented vertically monolithic
integrated inductive and capacitive sensor. The size of the
nanopores would influence the dielectric constant of np-AAO
[22]. Thus, the processing parameters, such as temperature,
input voltage and current, anodizing time and electrolyte were

1mm

Ti-pad(a)

AAO

Si

Al
SiO2

Ti

Al

(b)

100nm

(e) np-AAO Layer

100nm 100nm

Ti

(f)

SiO2

Al
(c)

Al bridge

10mm

Via

Al routing

(d)
Al

SiO2
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Figure 6. Fabrication results: (a) optical micrograph of the typical
fabricated sensor; and FE-SEM micrographs of (b) metal and
insulation films stacking on the Si substrate, (c), (d) Al bridge, Al
spiral coil and Al electrical routing, and (e), ( f ) top view and side
view of the np-AAO structures.

employed to control the diameter and length of the nanopores.
As illustrated in figure 5(e), the np-AAO was etched by
a mixture of chromic acid (1.8 wt%) and phosphoric acid
(6 wt%) at 70 ◦C, and defined the bond pad for the lower
electrode. As shown in figure 5( f ), the Al film was evaporated
on top of the np-AAO and then patterned as a spiral coil.
The SiO2 film (500 nm) in figure 5(g) was then deposited and
patterned as the insulation layer. After that, the second Al film
was deposited and patterned as the electrical interconnection
between Al spiral and Al routing, as indicated in figure 5(h).

The photo in figure 6(a) shows the top view of the
typical fabricated proximity sensor on chip. The spiral coil
on the chip of 5 mm × 4 mm is clearly observed. The field
emission scanning electron microscope (FE-SEM, JOEL JSM-
7000F) image in figure 6(b) shows the stacking of different
layers on the Si substrate for a typical fabricated sensor. The
FE-SEM micrograph in figure 6(c) shows the Al bridge and Al
spiral. In this study, the proximity sensor has an Al spiral
of 4.5 turns with the inner diameter of din = 1000 μm,
outer diameter dout = 2060 μm, line width w = 50 μm
and line spacing s = 70 μm. The micrograph in figure 6(d)
further shows a zoom of the Al bridge and Al spiral. The
FE-SEM micrograph in figure 6(e) shows the top view of the
AAO film with nanopores, and the nanopore diameter ranges
50–60 nm. Finally, the micrograph in figure 6( f ) depicts the
cross-section of np-AAO with columnar structures.
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Figure 7. (a) Measurement setup for proximity sensing test, and (b)
metal rod as a typical sensing object on top of the proximity sensor.

4. Experiments and discussions

Figure 7 shows the experiment setup to characterize the
performances of the sensor. Figure 7(a) shows the electrical
routings for the inductive and capacitive proximity sensing.
The LCR meter (Agilent E4980A) is used to apply an ac
signal of 2 MHz to the spiral coil. Thus, the spiral coil could
generate a magnetic field for inductive sensing. On the other
hand, the spiral coil and the Ti film could generate an electric
field for capacitive sensing. Meanwhile, the inductance and
capacitance of sensing units are also measured by using the
LCR meter through the three-probe method, and then recorded
by computer. Moreover, the fixture and stage are employed
to tune the object position for the proximity sensing test. The
distance d between the sensing object and the proximity sensor
can be precisely controlled. The photo in figure 7(b) shows the
metal rod as a typical sensing object on top of the proximity
sensor chip for the test. The diameter and length of metal rod
are 0.7 and 7 mm, respectively.

The measurement results in figure 8 respectively show
the variation of inductance and capacitance with the distance
d between the sensing object (metal rod in figure 7(b)) and the
proximity sensor. Measurements in figure 8(a) indicate the
sensing inductance increases from 40.62 to 41.84 nH as
the metal rod moves from d = 6 mm to d = 1.5 mm. Thus, the
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Figure 8. The metal rod proximity sensing tests at different
distances d from the sensor: (a) inductance change detected by the
inductive sensing unit, and (b) capacitance change detected by the
capacitive sensing unit.

inductive proximity sensor has a sensitivity of 0.35 nH mm−1

(and nonlinearity of 3.27%) to the metal rod within the
sensing distance of d = 1.5–5.0 mm. The results also
indicate that the inductance of spiral coil proximity sensor
will not be influenced by the metal rod if the distance is
d > 5 mm or d < 1.5 mm. Measurements in figure 8(b) depict
the sensing capacitance decreases from 381.53 to 380.15 pF
as the metal rod moves from d = 3 mm to d = 0.5 mm. Hence,
the capacitive proximity sensor has a sensitivity of 0.55 pF
mm−1 (and nonlinearity of 9.84%) to the metal rod within the
sensing distance of d = 0.5 mm–3.0 mm. The capacitance of
sensing electrodes will not be influenced by the metal rod as
their distance is d > 3 mm. Moreover, the measured initial
capacitance of the proximity sensor (with no sensing object) is
381.57 pF. According to equation (2), the dielectric constant
of the np-AAO film is determined to be εnp-AAO = 11.9 (at
2 MHz), which is threefold higher than that of SiO2 (εSiO2 =
3.9). Note the inductive sensing is insensitive to the object at
a sensing distance less than 1.5 mm and greater than 5.0 mm.
The capacitive sensing is insensitive to the object at sensing
distance greater than 3.0 mm. Thus, the proposed proximity
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Figure 9. Comparison of measured capacitance change between
metal and plastic rods.

sensor with both inductive and capacitive sensing units can
extend the range of the sensing distance to d = 0.5–5.0 mm.

In comparison, this study has also employed objects of
different materials, such as the finger and plastic rod (insulating
material), for proximity sensing tests. Measurements in
figure 9 show the variation of capacitance with the distance
d between the plastic rod and the proximity sensor. The size
of the plastic rod (with diameter of 0.74 mm and length of
7 mm) is about the same as that of the metal rod. The sensing
capacitance decreases from 381.58 to 381.15 pF as the plastic
rod moves from d = 3 mm to d = 0.5 mm. Thus, the capacitive
proximity sensor has a sensitivity of 0.172 pF mm−1 (and
nonlinearity of 7.04%) to the plastic rod within the sensing
distance of d = 0.5–3.0 mm. The measurements for the metal
rod are also displayed for comparison. The capacitance sensing
has mainly resulted from the fringe effect of sensing electrodes.
This study could not predict the fringe sensing capacitance
change by analysis so far. The variation of the sensing
capacitance with the proximity distance for various materials
has also been reported in [1]. As compared with the insulator,
the conductive object has a higher sensing capacitance at a
given distance with the capacitive proximity sensor. Moreover,
the plastic rod could not be detected by the inductive sensing
unit. Figure 10 further shows the sensing signals detected
by the proximity sensor during the intermittent (every 5 s)
approach of the metal and plastic rods. Measurements in
figure 10(a) indicate the inductance change for the metal rod
is 0.50 nH at the sensing distance of d = 3.5 mm. However,
the inductance change for the plastic rod (also at the sensing
distance of d = 3.5 mm) could not be detected by the presented
proximity sensor. Moreover, measurements in figure 10(b)
show the capacitance changes for the metal rod and the plastic
rod are respectively 0.67 and 0.2 pF at the same sensing
distance of d = 1.5 mm. In summary, as compared with the
capacitive sensing unit, the inductive sensing unit is insensitive
to the insulating materials (plastic rod).

Figure 11 further shows the sensing signals recorded
by the proximity sensor during the intermittent (every 5 s)
approach of two different objects (metal rod and finger).
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Figure 10. Measurement results show sensing signals detected by
(a) inductive sensing unit and (b) capacitive sensing unit, during the
intermittent approach of the metal rod and plastic rod.

Measurements in figure 11(a) indicate the inductance changes
for the metal rod and finger are respectively 0.86 and 0.09 nH
at the same sensing distance of d = 3.5 mm. In addition,
measurements in figure 11(b) show the capacitance changes
for the metal rod and finger are respectively 0.87 and 0.62 pF
at the same sensing distance of d = 1.5 mm. As compared
with the capacitive sensing unit, the sensitivity difference
between the metal rod and finger for the inductive sensing
unit is much larger. The capacitive proximity sensor of 4.5
turns spiral coil upper electrode has been implemented and
tested for the previous discussions in this study. To compare
the fringe electric field, different configurations of upper
electrodes (including the 4.5 turns spiral, and rectangular plate)
have also been designed, implemented and tested. To make a
fair comparison, these two electrodes are designed to have
the same surface area (surface area is 1081 492 μm2). The
metal rod with 0.7 mm diameter and 7 mm length (same as
the metal rod used in the experiments in figures 8 and 10) is
employed as the object to characterize the capacitance sensing
of the proximity sensor. Measurements in figure 12 depict
the variation of capacitance change (�C/C0) with distance d
for sensors of different upper electrodes. It demonstrates that
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Figure 11. Measurement results show sensing signals detected by
(a) inductive sensing unit and (b) capacitive sensing unit, during the
intermittent approach of the metal rod and finger.
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Figure 12. Comparison of measured capacitance changes using the
capacitive sensing devices of different upper electrode designs
(rectangular plate and circular spiral coil upper electrodes).

higher sensing capacitance as well as longer sensing range
could be achieved by the spiral coil electrode design. Thus,
the spiral electrode, which also acted as the inductive coil for

the presented integrated sensor, could offer the advantage of
increasing the fringe electric field.

5. Conclusions

In summary, the major contribution of this study is to vertically
integrate inductive and capacitive proximity sensors on a
single chip. As compared with the side-by-side integrated
sensors, the sensing pixel is reduced by the vertically integrated
design. As opposed to the side-by-side integrated sensors,
the vertically stacked inductive and capacitive sensing pixels
have no offset in the in-plane position. In addition, this study
successfully established the micro-fabrication processes to
implement the presented sensor on chip. Moreover, proximity
sensing tests using the fabricated proximity sensor have been
performed on objects of different materials such as metal,
plastic and a human finger. Measurements demonstrate that
the sensing range of a typical fabricated proximity sensor is
0.5–5 mm for the metal rod. In comparison, the inductive
and capacitive sensing units have the sensing ranges of 1.5–5
and 0.5–3 mm, respectively. The non-conductive plastic rod
can also be detected by the capacitive sensing unit. However,
the sensing range for the non-conductive object could not
be enlarged by using the inductive sensing unit. The np-
AAO with high dielectric constant has been prepared using
low temperature and uncomplicated fabrication process to
increase the performance of the capacitive sensing unit. It
would be useful to investigate the variation of the np-AAO
dielectric constant with the dimensions of interpore distance,
nanopore diameter and pore depth. The dominant factors
for the performance of np-AAO-based capacitive proximity
sensors will be further analyzed in future experiments.
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