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Virtual Fabrication of Flexible Micromachined
Touch Mode Capacitive Sensor
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Abstract— Now a days capacitive touch sensors are widely
used in consumer products like MP3 players, mobile phones and
other portable devices. More and more the technology is utilized
in further application fields such as household appliances as well
as automotive and industrial applications. There are several
reasons for this development as for reasons of usability,
robustness, and cost efficiency. Capacitive pressure sensors
work by detecting the change in capacitance between a fixed
plate and the flexible plate. The major difficulty to the designer
is the dimensions and properties used in the simulation of the
MEMS devices cannot be exactly followed during fabrication.
In order to overcome this problem, we must test the device in
simulation for bound of parameters involved in it. This will be
done by using Intellisuite software modules like Intellifab,
Thermoelectromechanical analysis module etc.

Index Terms— Capacitive Sensing, Frequency Analysis, and
Virtual Fabrication of Capacitive Sensor.

. INTRODUCTION

Capacitance describes how the space between two
conductors affects an electric field between them. If two metal
plates are placed with a gap between them and a voltage is
applied to one of the plates, an electric field will exist between
the plates. This electric field is the result of the difference
between electric charges that are stored on the surfaces of the
plates[11]. E-Fields form from the greatest potential to the
least potential. Figure 1 shows E-Field lines from the
capacitive sensor to ground. On Measuring the capacitance at
this point gives the parasitic capacitance.

The conductive object allows an increased number of
E-Field lines to travel between the sensor and ground. The
greater concentration of E-Field lines results in a greater
capacitance measured at the sensor as shown in figure 2. In
human interface devices, the conductive object is typically a
human finger, hand, foot, etc.
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Fig. 1 E-fields and parasitic capacitance
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MEMS based pressure sensors and microphones use an
elastic plate as a membrane or a diaphragm as the active
mechanical element. As the plate deflects due to the applied
pressure, the middle surface remains unstressed. The pressure
introduces bi-axial stresses in the plate. Stresses at points is
proportional to the distance from the middle surface and the
maximum stresses occur at the outer surfaces of the plate. The
simplest form of a capacitor consists of two conductors[5],
e.g. two metal plates, separated by an insulator. The following

formula shows the parameters which influence capacitance:
AreaxDielect

T w

In ordinary capacitive sensing the size of the sensor, and
the dielectric material (air) remain constant. The only variable
is the gap size. Based on this assumption, driver electronics
assume that all changes in capacitance are a result of a change
in gap size. The electronics are calibrated to output specific
voltage changes for corresponding changes in capacitance.
These voltages are scaled to represent specific changes in gap
size. The amount of voltage change for a given amount of gap
change is called the sensitivity[5][12]. By using Intellisuite
Tools, all the designing or fabricating and different types of
analysis or simulation was performed at virtual level here.

Il. INTELLIMASK

It is a Mask layout design tool for MEMS devices.
IntelliMask is specially use for constructing and editing
MEMS device level masks.
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Fig. 3 Mask 3 layout in Intellimask

In this we create three cicular masks of three different
radius which are 45 pm, 50 pm and last mask is of 55 um. The
last mask has a different shape where four rectangles are
create on the outer surface of circle at equal distances to allow
the electric field lines path on the uppre section of the sensor.
These masks were used at the time of virtual fabrication of the
device.

Il. INTELLIFAB

Intellifab allows us to construct 3D models directly from
the process steps and then export them to the analysis
modules. Here we analyse the methods for determining
material properties from fabrication and operating
parameters which are very important from device making
point of view. So it is a fabrication based computer aided
designing using virtual fabrication techniques.

By this tool we create or fabricate capacitor sensor device
using the two methods where we use different materials for
both the devices. First capacitor sensor diaphragm is made by
polysilicon material and silicon substrate is doped through the
P ions whereas second capacitor sensor diaphragm is made by
silicon nitride and substrate is doped with the B ions. The
process steps which we use in fabrication of our devices are
shown in table I.

A. Definition of Silicon Substrate

Silicon is one of very few materials that is economically
manufactured in single crystal substrates. This crystalline
nature provides significant electrical and mechanical
advantages . Here we prefer to use the (100) plane rather than
(010) or (111) plane because many alkaline aqueous
solutions, such as potassium hydroxide (KOH), selectively
etch the (100) planes of silicon but not the (010) or (111)
planes which means the [100] is the easiest direction for
etching, and the [111] is the hardest direction for etching. [1].

Crystalline silicon is a hard and brittle material deforming
elastically until it reaches its yield strength, at which point it
breaks. Its tensile yield strength is 7 GPa, which is equivalent
to a 700-kg weight suspended from a 1-mm? area. Its Young’s
modulus is dependent on crystal orientation, being 130 GPa in
[100] directions—near that of steel but is as light as
aluminium with a mass density of 2.3g/cm®. It has melting
point at 1400°C, which is about twice as high as that of
aluminium Silicon is also well known to retain its mechanical
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integrity at temperatures up to about 700°C [1][2].
Here we use the 140umx140um square silicon substrate
which is of 5000nm or 5um thick.

TABLE 1.
FABRICATION PROCESS STEPS
S.NO. DEVICE 1 DEVICE 2

1 Definition Si czocharlski | Definition Si czocharlski
100 100

2 Deposition SiO, thermal | Deposition SiO, thermal
wet wet

3 Definition X-Ray Definition UV contact
lithogarphy

4 Etch SiO, RIE Etch SiO, wet

5 Deposition P implant
P-ion

Deposition B implant
B-ion

6 Etch SiO, RIE Etch SiO, wet

7 Deposition PSG LPCVD
generic

Deposition PSG LPCVD
generic

8 Definition UV contact Definition UV contact

Etch PSG wet sacrifice

©

Etch PSG wet sacrifice

10 | Deposition Polysilicon Deposition SisNy

LPCVD SiH,4 LPCVD SiH,Cl,

11 | Definition X-Ray Definition UV contact
lithography

12 | Etch Polysilicon dry SFg | Etch SisNg RIE
plasma

13 Etch PSG wet sacrifice Etch PSG wet sacrifice

14 Etch Si wet KOH Etch Si wet sacrifice
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B. Deposition of Silicon diOxide

Silicon dioxide is used as an electric insulator as well as for
etching masks for silicon and sacrificial layers. This is also
used as sacrificial layers in surface micromachining processes
because this can be preferentially etched with high selectivity
to silicon. There are several ways silicon dioxide can be
produced on substrate surfaces. But the least expensive way to
produce SiO, film on the silicon substrate is by thermal
oxidation. SiO, can be produced over the surface of silicon
substrates by growing SiO, with dry O, in the air or wet steam
at high temperature:

Si (solid) + O, (gas) — SiO, (solid) 2

Si (solid) + 2H,0 (steam) — SiO, (solid) + 2H, (gas) (3)

We use wet process to deposit the SiO, layer of 425 nm on
both side of silicon substrate. For this we set temperature to
960°C and apply pressure of 101325 Pa.

C. Masking and Photography by UV and X-Ray

A mask is transparent plate with the some thickness, parts
of which are covered with some non transmitting material in
order to create a pattern on the semiconductor wafer when
illuminated with light or radiation. Here we use circular mask
which created in intellimask tool previously of 45 pm radius.
Photoresists are sensitive to light with wavelength ranging
from 300 nm to 500 nm. The normal UV light has a
wavelength between 350 nm and 500 nm. We use wavelength
of 436 um and apply shot of energy 52 J for 10 seconds. In
special applications for extremely high resolution, X-Rays are
used. The wavelengths of X-Rays are in the range from 4 A to
50 A. We use wavelength of 5 A and use shot of 35 J for 240
ns. In this step we try to remove the unexposed part of
material. For this we set leave photoresist at outside by which
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the unexposed region of SiO; is remain after etching process.

D. Etching of Silicon diOxides to Unexposed Region

In this step we remove or dissolve the unexposed area of
silicon dioxide material by etching process. There are two
types of etching techniques wet etching involving the use of
strong chemical solvents (etchants), and dry etching using
gaseous etchants to remove materials at the desired locations
on a substrate.

Wet etchants in aqueous solution offer the advantage of
low-cost batch fabrication. There are two types of wet
etchants isotropic and anisotropic. The common isotropic
etchants is HNA solution while anisotropic etchants are KOH,
EDP, and TMAH. With anisotropic etching it is easier to
control the etched shape of the substrates. That is why these
are also known as orientation-dependent etchants (ODES)
because their etch rates depend on the crystallographic
direction. Here we apply wet etchants for 10 minutes to
remove the unexposed region of silicon dioxide.

There are three types of dry etching techniques as ion
etching, plasma etching, and reactive ion etching. Plasma
etching involves the generation of chemically reactive
neutrals (F, Cl), and ions (SFx+) that are accelerated under the
effect of an electric field toward a target substrate. The
reactive species (neutrals and ions) are formed by the
collision of molecules in a reactant gas ( SFg, CF,, Cl,, CCIF;,
NF;3) with a cloud of energetic electrons excited by an RF
electric field. When the etch process is purely chemical,
powered by the spontaneous reaction of neutrals with silicon,
itis referred to as plasma etching. But if ion bombardment of
the silicon surface plays a significant role in the chemical etch
reaction then the process is referred to as reactive ion etching
(RIE). In RIE, ion (SFx+) motion toward the substrate is
nearly vertical, which gives RIE vertical anisotropy. Here we
apply RF power of 850 W and etch step of 0.5 nm/min.

E. lons Implantation

lon implantation is use in doping of a semiconductor such
as silicon substrate with external substances as boron atoms
for p type and arsenic or phosphorus atoms for n type doping.

lon implantation involves forcing of free atoms such as
boron or phosphorous with charged particles (ions) into a
substrate. The ions whether they are boron ions or
phosphorous ions, must carry sufficient kinetic energy to be
implanted into the silicon substrate. The ions beam are
focused onto the substrate, which is protected by the shield or
mask which made of silicon dioxide. The highly energized
ions enter the substrate and collide with the electron and
nuclei of the substrate. The ions will transfer their all energy
to the substrate upon collision, and finally come to a stop at a
certain depth inside the substrate. Here we set the ion dose
100x10* /cm?®, ion energy of 8.01025 fJ to reach the depth of
1000 nm or 1 um onto the silicon substrate. Benefit of ion
implantation is, it does not require high temperature for the
process.

F. Etching of Remaining Silicon diOxide

Now we remove the remaining silicon dioxide which
worked as shield for implantation of ion. For this we use
reactive ion etching and wet etching for device 1 and device 2
respectively. By using this process we remove the silicon
dioxide layer from both sides.
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Fig. 4 Silicon substrate Fig. 5 Substrate after ion implant

G. Deposition of PSG by LPCVD Process

From this step we start surface micromachining process.
The surface micromachining creates 3-D microstructures by
adding material to the substrate. Added materials may not be
same as the substrate material for flexibility. Here we require
sacrificial layer to create cavity. The sacrificial components
are usually made of phosphosilicate glass (PSG) or silicon
dioxide deposited on substrates by LPCVD techniques. PSG
can be etched more rapidly than silicon dioxide.

For this first we deposit a sacrificial layer of
phosphosilicate glass (PSG) through low pressure chemical
vapor deposition (LPCVD) where we apply 650°C
temperature and a low pressure to 30 min. by which we get
2000 nm or 2 um thick spacer layer. If at the time of silicon
dioxide deposition through LPCVD at low temperature we
doped it with phosphorous then we get phosphosilicate glass
layer. Due to the low temperature compared to thermally
grown oxide, this is known as low-temperature oxide (LTO)
layer.

H. Masking for UV Lithography

Here we use second circular mask of 50 um radius. In this
step we try to remove the exposed part of material which is
PSG to create a spacer level. For this we set leave photoresist
at inside by which the PSG layer which underneath the mask
is remain after the etching process in next step. We use
wavelength of 436 um and apply shot of energy 52 J for 10
seconds.

I. Etching of PSG to Exposed Region

In this step we remove the exposed PSG layer portion. For
this we use wet etching process and we use HF etchant
solution for 10 min because PSG layer etched more rapidly in
it.

J. Deposition of Polysilicon and SizN, by LPCVD

In this step we deposit the diaphragm material of capacitor
sensor by LPCVD process of 1500 nm or 1.5 pum where
polysilicon and silicon nitride is used for devicel and device 2
respectively. Polysilicon is deposited by the pyrolysis of
silane (SiH,) to silicon and hydrogen in a LPCVD reactor. For
this we apply 630°C temperature and a low pressure for 10
minutes.

SiH;~ Si + 2H, 4)

Deposition of Silicon Nitrides used commonly in the
semiconductor industry for the passivation of electronic
devices because it forms an excellent protective barrier
against the diffusion of water, potassium, and sodium ions
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found in biological environments. Its Young’s modulus is
higher than that of silicon and its intrinsic stress can be
controlled by the specifics of the deposition process by which
silicon nitride has been used as a structural material mostly.
Silicon nitride (Si3N,) is deposited at atmospheric pressure by
reacting silane (SiH,;) and ammonia (NH3), or at low pressure
by reacting dichlorosilane (SiCl,H,) and ammonia.

3S|H4 + 4NH3 - Si3N4 + 12H2 (5)
3SiH,Cl, + 4NH; — Si3N, + 6HCL + 6H, (6)

The deposition temperature for either method is between
700° and 900°C. Both reactions generate hydrogen as a
byproduct, some of which is incorporated in the deposited
film. If LPCVD silicon nitride is deposited at 800°-850°C
then it becomes silicon-rich (an excess of silicon in the film)
due to a greatly increased dichlorosilane flow rate, that is why
we apply 8100C temperature with low pressure to deposit
silicon nitride through dichlorosilane.

K. Masking for X-Ray and UV Exposure

This is an important step for our device structure point of
view. Here we use mask of 55 pum which has a special shape at
its edges as shown in figure 3. These cuts are required to pass
the electric field lines above device. Here we use X-Ray
exposure for device 1 polysilicon material and UV exposure
for device 2 silicon nitride diaphragm material. For X-Ray we
apply wavelength of 4 A and use shot of 30 J for 200 ns and
for UV exposure we apply wavelength of 436 um and shot of
energy 52 J for 15 seconds. We want to remove expose
portion of diaphragm material in next step by etching for
which we set leave photoresist at inside.

L. Extra Material Etching of Diaphragm

In this step we remove or dissolve the exposed part of
polysilicon and silicon nitride. For polysilicon we use dry
plasma etching through SF¢ material to 15 minutes and for
silicon nitride we use dry reactive ion etching for 20 minutes.
After this step device looks like as shown in figure 8. Still the
device is not ready because there is sacrificial layer of
phosphosilicate glass is present under the diaphragm cavity.
So to remove this PSG material we take another step.

M. Etching of Sacrificial Phosphosilicate Glass Layer

Here we want to remove the sacrificial layer of
phosphosilicate glass which were used as spacer layer to build
diaphragm. For this we use wet etching by HF solution for 15
minutes and set etching to sacrificial part.

N. Removal of Silicon Substrate

Here the last step of sacrificing the silicon wafer was added
to isolate the device for ease of simulation purpose in reality
the silicon wafer is never sacrificially etched from the device.
For both devices we use wet etching where device 1 silicon
substrate is etched by HF solution for 20 minutes where as
device 2 silicon substrate is etched by KOH solution at 70°C
temperature for 5 minutes only. After this step the device
looks like as shown in figure 9.
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Fig. 6 Remaining PSG spacer  Fig. 7 Deposition of diaphragm layer
layer on substrate after etching. material on substrate.

Fig. 8 Device after removal of
extra diaphragm material.

Fig. 9 Device after removal of
sacrificial and Si substrate.

IV. ELECTROMECHANICAL

It is a fully coupled thermal, electrostatic, mechanical,
packing, contact & post-contact analysis and system model
extraction tool. Here the device level simulation perform on
the device can be categorize into frequency analysis, static
analysis, dynamic analysis and system model extraction.

For analysis first we import the fabricated device from
intellifab to thermoelectromechanical tool. Here the sensor
looks like as shown in figure 10.

S —
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Fig. 10 Capacitor sensor in TEM tool

A. Boundary Conditions

In all mechanical analysis each separate part of the
structure (entity) must be assigned at least one fixed boundary
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to make the problem solvable. Hence we can set the boundary
conditions by selecting the appropriate degree of freedom of a
particular entity and clicking on the appropriate boundaries.

B. Natural Frequency Analysis

The natural frequencies of a structure are the frequencies at
which the structure naturally tends to vibrate if it is subjected
to a disturbance. The deformed shape of the structure at a
specific natural frequency of vibration is termed its normal
mode of vibration. Hence this simulation computes the natural
frequencies and associated mode shapes of a structure
including any natural frequency shift due to external forces
and/or in-plane stresses. Natural frequencies and mode shapes
are functions of the structural properties and boundary
conditions. If the structural properties change, the natural
frequencies change but the mode shapes may not necessarily
change. For example if the elastic modulus of the cantilever
beam is changed then the natural frequencies change but
mode shapes remain the same. If the boundary conditions
change then the natural frequencies and mode shapes both
change.

TABLE 1.
NATURAL FREQUENCIES OF DEVICE AT RESPECTED MODES
Mode Natural Frequency (MHz)
No.

Device 1 Device 2
Mode 1 2.45373 2.86888
Mode 2 5.18315 6.05978
Mode 3 5.31804 6.21969
Mode 4 8.62529 10.08640
Mode 5 8.83642 10.32930
Mode 6 10.11390 11.82680

C. Pressure versus Capacitance Analysis

For pressure versus the capacitance analysis thermoelectro
mechanical relaxation is the solution method used in
Intellisuite.By this analysis we get capacitance in femto farad
between the diaphragm and bottom doped substrate due to
applied different pressure values as shown in the figures 11.
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V. CONCLUSION

This capacitor shall be easy to construct as well as sensitive
to human touch in order to enable this as an alternative to
mechanical buttons and switches.

The various issues in fabrication, designing and system
modeling of integrated pressure sensor devices were analysed
by which we found that the device which made by silicon
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nitrite diaphragm has more stiffness in comparison to the
polysilicon diaphragm device and also it can be use in
biological environments successfully because it has an
excellent protective barrier against the diffusion of water,
potassium, and sodium ions found in biological environments.
But the polysilicon diaphragm device is more sensitive to
pressure because this gives more capacitance in comparison
to the silicon nitrite diaphragm device. This capacitance is
easy to calibrate by using driver electronics. Where all
changes in corresponding capacitance will calibrate to output
specific voltage changes. These voltages are scaled to
represent specific changes in gap size due to pressure.
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