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1  Introduction

Since there are several similar fabrication steps in micro-
electro-mechanical systems (MEMS) and complemen-
tary metal-oxide semiconductor (CMOS) technologies, 
a derivative technology has been called CMOS–MEMS 
(Lazarus et  al. 2010); from this technology the sensors 
and actuators are fabricated together with the electron-
ics in the same substrate, hence, micromachining post–
processes are made once the chip is completed by the 
foundry. This approach presents several advantages, how-
ever, a disadvantage arises when CMOS–MEMS technol-
ogy is used; the layers used for the integrated circuits fab-
rication are thinner than those used in MEMS dedicated 
technologies like Multi-User MEMS Processes (MUMPs) 
(Khan et  al. 2013), Silicon-On-Insulator MEMS (SOI-
MEMS) (Andò et  al. 2011), Lithography, Electroplat-
ing, Molding (LIGA) (Hsu et  al. 2012), and others. The 
main characteristic of CMOS–MEMS fabrication is com-
patibility with microelectronics processes. No matter 
what kind of technology is used, MEMS sensors provide 
lower power consumption, as well as compact and robust 
design.

Miniaturization in MEMS sensors not only allows for 
small areas, but also applies for better resonance frequen-
cies (Sethuramalingam and Vilmalajuliet 2010). For this 
reason, it is critical to have good understanding of the scal-
ing properties of the transduction mechanism, the overall 
design, the materials used in the fabrication of the structure 
and the fabrication processes involved.

The sensitivity in inertial MEMS capacitive sensors is 
inversely proportional to the spring constant (Mukherjee 
et  al. 2011) of the beams that support the proof mass to 
the frame of the device. In this work, in order to improve 
the sensitivity in CMOS–MEMS inertial sensors, different 
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geometries are shown, using Floating Gate MOS transistors 
as transducers; the results of the mechanical and electro–
mechanical analysis of different capacitive structures are 
presented.

As this study uses a FGMOS as a transducer element, 
the capacitive structure may present unwanted electro-
static actuation due to the voltage needed to establish the 
operating region of the transistor regarding the coupling 
capacitance of the FGMOS forms part of the inertial sen-
sor. As mentioned, when using standard CMOS technol-
ogy, the layers available for making structures are very 
thin compared with dedicated technologies for MEMS, 
which is reflected in undesirable effect like roll, pitch 
and yaw movements, not only because of the mentioned 
unwanted electrostatic actuation, but also by the inertial 
force applied for which the sensor is designed. The derived 
consequence is that these added movements change the 
equivalent capacitance of the circuit inducing noise in the 
measurement.

This work focuses on the performance simulation and 
analysis of an accelerometer designed with particular 
capacitive structures, evaluating parameters like displace-
ment due to an applied force, stress capability of the springs 
used and the derived pull–in voltage before the capacitor 
plates stick together, so the structure can be electrostati-
cally tested for reliable movement. The analysis presented 
in this work was made using COMSOL® for simulation of 
the structure under different conditions and the results are 
shown in the following sections.

2 � The inertial sensor and the FGMOS

The capacitive structure for the devices described in this 
work is calculated based on design rules of a standard 
CMOS process (On Semiconductor 0.5 microns, N–well, 
double polysilicon, three metal layers). Thereby, thanks 
to the double layer of polysilicon offered by this tech-
nology, FGMOS transistors can be fabricated. Normally, 
this device uses the top polysilicon layer as a control 
gate and the bottom polysilicon layer underneath it oper-
ates as the floating gate. When a voltage is applied to the 
control gate an electric field is present over the floating 
gate owing to the capacitive coupling existing between 
the control gate and the floating gate. Hence, the current 
flowing along the channel will depend on the apparent 
voltage present over the floating gate, which in turn is 
a function of the coupling coefficient given by the total 
capacitance of the device. This structure will provide a 
convenient change in capacitance resulting in a reliable 
coupling coefficient for the FGMOS to operate as a trans-
ducer. This can be achieved since the capacitor plates 
which determine the coupling coefficient, typical of the 

FGMOS, are part of the inertial sensor, as well, where 
one plate is fixed and the other has a displacement when 
a force is applied to the system. The equivalent circuit is 
shown in Fig. 1. The variable capacitor CG is formed by 
the seismic and fixed masses as the plates of the capaci-
tor and air as dielectric.

When the device is subjected to acceleration, the dis-
tance between the capacitor plates either increases or 
decreases, changing the capacitive value. This change has 
an effect over the behavior of the FGMOS, changing the 
voltage over the floating gate (VFG); if the transistor is oper-
ating in the saturation region, this change can be calculated 
by (1):

where

where CG is the capacitor due to the capacitive structure, 
VCG is the control gate voltage, VFG is the voltage on the 
floating gate, CTOT is the total equivalent capacitance, VD 
is the drain voltage, CD is the parasitic capacitance formed 
by the drain and the floating gate, CS is the parasitic capac-
itance between the source and the floating gate, Vs is the 
source voltage, CFOX is the parasitic capacitance between 
the floating gate and the bulk, VB is the bulk voltage, COX is 
the capacitance between channel and the floating gate, QFG 
is any charge that can be present on the floating gate, and 
KCG is the coupling coefficient.

(1)

VFG = KCGVCG +
CD

CTOT

VD +
CS

CTOT

VS

+
CFOX

CTOT

VB +
COX

CTOT

VG +
QFG

CTOT

(2)KCG =
CG

CTOT

(3)CTOT = CG + CD + CS + CFOX + COX

Fig. 1   Equivalent circuit of the variable coupling coefficient
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If we consider the parasitic capacitances present in the 
FGMOS, it is important to take into account that the total 
capacitance given by the inertial structure must be of the 
same order of magnitude of the total capacitance. This is, if 
CG ≈ CTOT, the floating gate voltage will be the same as the 
transistor’s gate voltage. Hence, CG will not have any effect in 
the transistor; on the other hand, if CG ≪ CTOT, the operation 
regime of the transistor cannot be controlled by changing CG. 
Therefore, a good tradeoff is needed with design considera-
tions in order to have a suitable operation of the transducer.

According to this situation, it is possible to suggest as a 
design consideration, that CG should be an entire multiple of 
the sum CD + CS + CFOX + COX. With this consideration 
the transduction of inertial force into an electric current is 
possible by means of an FGMOS, since the rest of the capaci-
tors have a fixed value. Then, from (1) it can be deduced that 
any change on the coupling coefficient will cause VFG to be 
variable, making it possible to correlate the inertial force with 
the drain current of the FGMOS transistor. In order to obtain 
an inertial structure which can operate based on this capaci-
tive transduction, the spring design is important since the 
interaction between the plates affect the capacitors for cou-
pling the control gate voltage over the floating gate. The main 
challenge of this design is to get the right mechanical charac-
teristics in order to have a useful electrical performance.

In general, a MEMS accelerometer device can be 
divided into 3 parts: (a) the proof or seismic mass (b) the 
u–shaped springs/tethers, and (c) the inter–digitated comb 
structures (Bao 2005). For all the structures presented in 
this work, the seismic mass will have comb drives in order 
to achieve a variable value for CG; the comb drives on each 
side of the mass will have a configuration as is shown in 
Fig. 2, which allows sensing acceleration in both directions 
along the moving axis, by means of a non–symmetrical dis-
tribution between fingers (C12 < C11 and C22 < C21) on the 
comb drives and a set of two FGMOS transducers.

3 � Design considerations for the inertial sensor

In the structures based on the CMOS process mentioned 
previously, two polysilicon layers and three metal layers 
are available. The main advantage of using metal layers to 
fabricate the inertial sensors instead of polysilicon layers is 
that the thickness of the first two metal layers together is 
≈1.75 µm whereas the polysilicon layers are 0.4 µm thick 
each, making it difficult to achieve a good performance 
structure if these layers are used. Other advantage of this 
kind of design is that it is not necessary to perform ani-
sotropic bulk silicon etch since the parasitic capacitance 
between metal layers and bulk is smaller than the parasitic 
capacitance between the polysilicon layers and bulk.

MEMS based capacitive accelerometers are normally 
connected to CMOS circuits for capacitance sensing and 
providing electrical output for further signal processing 
(Mukherjee et al. 2012). In most cases, not only the elec-
tronic interface circuit requires dc bias, but also the capaci-
tive structure. This dc bias causes the proof mass to move 
due to electrostatic actuation and usually this effect is an 
advantage to make self–test structures, but in this case due 
to the coupling between the capacitive structure and the 
FGMOS, it is considered an undesired effect, because the 
voltage across the sensing fingers may cause undesired 
movement of the structure, like pitch, yaw and roll, and 
also the fringe field effect is present due to the small dis-
tance between fingers in the comb drive.

In order to verify the effect of the electrostatic force, 
some considerations are made: only one face of the finger 
is fixed, the combs are divided in two principal groups; a 
comb which will be fixed to the transistor and another 
comb that will be part of the seismic mass. The dielectric 
characteristics are very important, since the electric field is 
the main source of noise present in the system, in this case 
the dielectric is considered as air in order to allow the free 
movement in the finger or in the capacitive structure. This 
consideration raises the complexity of the simulation since 
the surrounding air cannot be considered as solid and the 
finite elements that model the dielectric must have a free 
deformation characteristic in order to conserve continuity 
in the model that the solver uses. For each iteration, the 
finite element mesh for the dielectric must be recalculated 
because the solid is a deformable element. In this case, at 
each analysis step the capacitive structure of the fingers 
changes the stress and the displacement until the solver 
converges to the solution for a given applied force and volt-
age. The structure used for simulation in COMSOL® is 
shown in Fig. 3.

For this study, the mobile comb is biased with a vari-
able voltage, and the fixed comb is set to ground. The 
dielectric considered is air, since the normal operation of 
the accelerometer will have very similar characteristics. 

Fig. 2   Comb drive details
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The results for the displacement and the electric field are 
shown in Figs. 4 and 5. It can be seeing, from Fig. 4 that 
the larger displacement corresponds to the outermost finger 
that has the smaller gap capacitor, this larger displacement 
is because it has no electric field in opposite direction on 
each side, as can be seeing in Fig. 5.

In order to verify how the middle fingers move when a 
voltage is applied between them, a parametric sweep was 
carried out, changing the applied voltage between the 
combs, from 0 to 30 V; the displacement of the middle fin-
gers is the same for this voltage range since they have their 
respective counterpart fingers on each side to compensate 
the displacement, only the outermost fingers at each side of 
the array will not have their respective counterpart, so that 
the displacement is larger. The displacement on the far end 
part of the middle finger could be considered as constant, 
since the electrostatic force is too small to overcome the 
stiffness coefficient.

If the length of the finger increases, the expected dis-
placement will increase as shown in Fig. 6. The displace-
ment of the outermost finger is more significant than the 
rest of the fingers, in order to prevent these fingers from 
contacting with the opposite electrode.

Consequently, the outermost finger will constrain the 
maximum applied voltage, together with the maximum fin-
ger length, in order to avoid the electrodes to stick together. 
However, the displacement of the middle fingers will be 
the one that determines the value of CG. From Fig. 6 it can 
be concluded that the stiffness coefficient has an important 
role in the behavior of the system and if a more precise 
performance is desired, the springs supporting the seismic 
mass must be modeled, since the effect of the electrostatic 
force and gravity over this mass will highly depend on the 
design.

Fig. 3   Comb drive configuration for COMSOL® Simulation

Fig. 4   Displacement on x axis, with 5  V applied, overlap length 
80 μm

Fig. 5   Electric field on x axis with 5 V applied, finger length 100 μm

Fig. 6   Displacement on x axis on the point of interest, with 2.5 V 
applied
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For this kind of structures it is necessary at least two 
supports in order to minimize the pitch, roll and yaw. The 
design will be governed by some requirements, i.e. the 
area should be small, the effect of gravity on the seismic 
mass must be minimal, and the springs need to be flex-
ible enough to allow a good displacement for the variable 
capacitor yet stiff enough to avoid undesired vibration. The 
structures observed in Fig.  7, were calculated to use the 
minimum occupied area, following the VLSI philosophy.

Due to the proposed geometry and configuration of the 
structures, the range of the variable capacitor depends on 
factors like the magnitude and direction of the applied iner-
tial force, the stiffness coefficient of the springs and the 
polarization voltage due to the electrical configuration. The 
stiffness coefficient that must be considered for the springs 
in this analysis is long the principal motion axis, x in the 
case presented, representing a longitudinal movement of 
the seismic mass. However, depending on the flexural stiff-
ness of the structure, the mechanical properties of the mate-
rial and the applied voltage, there can be different possi-
bilities of displacement of the moving plate that should be 
considered in the analysis.

It is worth noting that the variable capacitance of 
interest is formed by the lateral walls of the fingers com-
ing from the fixed part and from the proof mass. How-
ever, as mentioned before, the capacitance will have 
different values if the moving plate moves across unde-
sired axes, since the plates overlap will be different. So, 
these displacements should be minimized and the move-
ment along the x axis must be enhanced while design-
ing the structure. A detailed analysis will show the effect 
of the movement along different axes upon the target 
capacitance.

A very important mechanical constrain is the maximum 
displacement allowed by the springs; if a very large dis-
placement is considered in order to maximize the rate of 
change of the capacitor, the motion along undesired axes 
will increase and this affects the expected capacitance. The 
displacement along the desired axis should be at most one-
third of the distance between the electrodes at rest (with no 
external force applied to the structure) (Kaajakari 2009). In 
this case the principal axis of movement considered will be 
the x axis, so the displacement along it must be limited as 
follows:

Fig. 7   Capacitive structures
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where x is the displacement of the structure along the 
x axis and d is the gap between the capacitor electrodes. 
This limitation on displacement serves not only to avoid the 
undesired movement on the rest of the axes (yaw, pitch and 
roll), but also to avoid the oscillation along the x axis when 
the seismic mass has been displaced from the equilibrium 
position and returning to the rest position.

The next consideration is the pull in voltage, which can 
be calculated by:

where Vp is the pull in voltage, k represents the spring con-
stant over the axis of interest, A corresponds to the over-
lap area between the capacitors plates and ∊0 is the vacuum 
permittivity.

Furthermore, the electrostatic force on each axis could 
change the final value on the capacitive structure; the 
involved forces on each axis considering the applied volt-
age, can be calculated by:

where V is the applied voltage, Kxx is the inertial force in 
the x axis, Kyy is the inertial force in the y axis, Kzz is the 
inertial force in the z axis, mg is the force due to gravity 
and CGii is the capacitor on each side of the comb drive. 
Therefore, the change on the final value of the capacitor 
will depend on the applied voltage, the stiffness coefficient 
of the springs on each axis, and the displacement due to 
gravity.

4 � Results and discussion

Four different designs of the structure were analyzed and 
the results for this mechanical analysis are presented below. 
In Figs. 8, 9, 13 and 14 the displacement for each structure 
considering inertial force (6G) and gravity is shown. The 

(4)x <
1

3
d

(5)Vp =

√

8

27

kd3

∈0 A

(6)
∑

x

F =
1

2

∂CGii(x, y, z)

∂x
V2

+ Kxx = 0

(7)
∑

y

F =
1

2

∂CGii(x, y, z)

∂y
V2

+ Kyy = 0

(8)
∑

z

F =
1

2

∂CGii(x, y, z)

∂z
V2

+ Kzz + mg = 0

Fig. 8   COMSOL® simulation: capacitive structure (a) with maxi-
mum inertial force (6G) applied

Fig. 9   COMSOL® simulation: capacitive structure (b) with maxi-
mum inertial force (6G) applied

Table 1   Specifications set used for the capacitive structures

Parameters Values Units

Vp: pull in voltage 5.98 V

ω: beam width 0.9 µm

Kx: spring constant in x axis 0.06 N/m

d1: electrodes gap 2 µm

d2: electrodes gap 3 µm

x: maximum expected displacement in x axis 0.5 µm

h:thickness 1.75 µm

E:Young’s Modulus 70 × 109 Pa

F: maximum inertial force 58.86 N

m: movable mass weight 5.17 × 10−11 kg

A:overlap area in rest 1.75 × 80 μm2
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specifications set used for the four structures (Fig.  7a–d) 
are shown in Table 1.

The capacitors CG1 and CG2, are the capacitors which 
were formed on each side of the seismic mass and their 
respective fixed counterpart (see Fig. 2). While the capaci-
tance CG1 increase, CG2 decreases and viceversa. This 
capacitance shown in Figs. 10, 11, 12 and 15 is due to the 
displacement of the seismic mass due to movement along 
the three axes (not only the desired approach along the x 
axis, but also the undesired yaw, pitch and roll movements).

As can be seen from Figs.  8, 9, 13 and 14 the total 
displacement is very different on each structure; for 

structure A, the expected displacement (0.5  μm) is dif-
ferent to that obtained from simulation (0.45  μm, see 
Fig. 8), but the capacitance variation is very symmetric. 

Fig. 10   Capacitance vs. acceleration in structure (a) due to inertial 
force on three axes

Fig. 11   Capacitance vs. acceleration in structure (b) due to inertial 
force on three axes

Fig. 12   Capacitance vs. acceleration in structure (c) due to inertial 
force on three axes

Fig. 13   COMSOL® simulation: capacitive structure (c) with maxi-
mum inertial force (6G) applied

Fig. 14   COMSOL® simulation: capacitive structure (d) with maxi-
mum inertial force (6G) applied
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For structure B a small difference can be seen between 
the displacements along the y axis, with the pitch, roll 
and yaw movements present; this is reflected in the 
change of total capacitance. Regarding structure C the 
displacement is very similar from the expected value, and 
the capacitance is uniform and symmetric along the tree 
axes, also it has a larger range of capacitance compared 
with the other three structures. Next, structure D has a 
very similar behavior as structures A and C, but in con-
trast it has the disadvantage that its geometrical complex-
ity presents several issues concerning the design rules of 
commercial CMOS technologies, so this option is dis-
carded for fabrication.

From Figs. 10, 11, 12 and 15 it can be seen that when 
no force is applied, the total capacitance is different on 
each structure since the mechanical characteristics are also 
very different, despite the same stiffness coefficient is used 
throughout the design. The symmetry on the capacitance 
behavior is important in order to obtain a sensor response 

Fig. 15   Capacitance vs. acceleration in structure (d) due to inertial 
force on three axes

Fig. 16   (a) Total displacement (μm) due to electrostatic and body load. Displacement due to electrostatic actuation and body load in (b) x axis 
(roll), (c) z axis (yaw) and (d) y axis (pitch)
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as linear as possible. Considering structure C, from Fig. 12, 
it can be seen that this structure offers a larger change in 
capacitance; thereby this design allows higher resolution of 
the accelerometer.

A more detailed analysis was made using structure C, 
biasing the seismic mass with 5 V and the fixed fingers with 
2.5 V; to verify the change on capacitance due to electro-
static actuation and the effect of gravity was included also 
as a body load, as these forces will change the capacitance 
of the structure despite no inertial force is being applied in 
this analysis. As it can be seen from the electro-mechanical 
analysis in Fig. 16 the pitch, yaw and roll movements are 
present on the structure.

From the electro-mechanical analysis, the undesired elec-
trostatic actuation can be seen; furthermore, with gravity con-
sidered, the analysis also shows that the displacement along 
all the axes is not uniform. In Fig. 17, the change on capaci-
tance along fingers CG21 and CG22, which correspond to the 
capacitors formed on one side of the structure, can be seen, 
noting that at each side of the middle beam, two capacitors 
are present, one smaller than the other making possible to 
establish the direction of movement on the seismic mass; on 
the other hand, CG11 and CG12 correspond to the capacitors 

formed on the opposite side of the seismic mass (see Fig. 2). 
From Fig. 17, it is seen that the total capacitance will be dif-
ferent on each side of the structure, since yaw, pitch and roll 
are present when the electrostatic actuation is present.

From Fig. 18 it can be seen that despite the difference 
between CG11 and CG12, and CG21 and CG22, when the total 
capacitance is obtained (CG2 and CG1) the symmetry is evi-
dent. And the effect of the finger length due to electrostatic 
force is of less importance, but it is still considered since 
the same ratio on total capacitance was expected.

5 � Conclusions

In this work, four different structures were analyzed. Their 
behavior was observed after performing a simulation 
including first only the effect of the applied inertial force, 
and subsequently performing an electro-mechanical simu-
lation adding the effect of the applied voltage used to bias 
the system and gravity, from which undesirable movements 
occur resulting in a deviation of the expected average value 
of capacitance.

The effect of the electrostatic force is strongly correlated 
with the stiffness coefficient, since it was demonstrated that 
using the same characteristics for the springs, for instance, 
cross section area, equivalent stiffness and supported mass, 
it results that the effect of the involved forces has a differ-
ent impact over the different proposed geometries. From 
the results shown, it can be seen that the structure C results 
to have the better behavior among the others, since it 
achieved both a larger change in capacitance and a smaller 
misalignment between the structure fingers. Even though 
the capacitance range achieved is small, it fits good enough 
to appreciate a change over the floating gate voltage of the 
FGMOS. From this point of view, it is recommended not to 
go beyond the order of magnitude of the parasitic capaci-
tance, since this may conduct to a reduction of the sensibil-
ity of the floating gate voltage, making the FGMOS use-
less as a transducer. Despite the capacitance ratio is not the 
same on each side of the structure, a change of the aspect 
ratio of the FGMOS can minimize this effect, and the range 
on the total capacitance may be larger to achieve a good 
performance of the FGMOS as a transducer.

This study also emphasizes the importance of simulation 
as an important step during the design of MEMS devices. 
If the design is restricted by technological constraints, this 
step allows testing several configurations to reach the most 
suitable one for the desired performance, such that the 
design includes the majority of the factors that affect the 
device being designed.

Conflict of interest  The authors declare that they have no conflict 
of interest.

Fig. 17   Capacitance along one finger

Fig. 18   Capacitance ratio along fingers
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