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ABSTRACT

This study introduces a novel Vertical Sense Mass (VSM) design for MEMS gyroscope sensors, addressing the
growing demand for miniaturization and enhanced performance in navigation and industrial applications. Leveraging
Deep Reactive lon Etching (DRIE) technology, the VSM design significantly reduces size while offering superior
performance compared to traditional planar configurations. Comprehensive theoretical analysis and comparative
evaluations demonstrate the VSM design’s advantages across critical metrics, including sensitivity, bandwidth, noise,
and device footprint. This advancement represents a substantial leap in MEMS gyroscope technology, enabling high-
performance sensing in compact form factors. Specifically, the VSM design achieves a 30 % reduction in sense mass
area, resulting in a 36 % smaller sensor footprint. This size reduction is coupled with a significant improvement
in the overall Performance Metric (PM), with the VSM design exhibiting a PM of 1090 mHz/dps’um? compared
to 70.7 mHz/dps*um? for the planar design. These analytical findings are supported by existing literature, further
validating the superior performance of the proposed VSM design. The detailed fabrication process flow of the
structure is presented, and successful fabrication of thick-proof-mass structures using DRIE confirms the feasibility
of this innovative approach. These results highlight the potential of the VSM design for future applications requiring
compact, high-performance gyroscope sensors.

Keywords: MEMS gyroscope; Vertical sense mass; Planar sense mass; Deep reactive ion etching; Performance

metric; Mechanical sensitivity

1. INTRODUCTION

Bohenberger’s gyroscopic machine, considered the
first gyroscope, finds extensive application in various fields
such as platform stabilisation, drone flight control, robotics,
airbag rollover detection, smart ammunitions, satellite
Inertial Measurement Units (IMUs), and sewerage network
monitoring' 8. MEMS gyroscopes have significantly impacted
inertial sensing due to their miniaturization, cost-effectiveness,
and compatibility with integrated circuit technologies’ .
Conventional planar MEMS gyroscopes occupy a significant
footprint. This motivates research into alternative designs that
reduce size while maintaining or improving performance. One
such approach is the utilization of nanosensing components'¢-%,
but they are prone to reliability issues due to stress'*2!. An
alternative approach utilizes the silicon wafer depth for
capacitive sensing. While SOI technology enables simple
etching, device thickness is currently limited to <200 pm?*2,
As a result, achieving a larger or similar capacitive plate area
in SOI compared to planar Si structures is nearly impossible,
making the SOI wafer approach unsuitable for fabricating deep
structures™ 2,

Deep silicon etching has become possible owing to
recent advancements in Deep Reactive Ion Etching (DRIE)
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technology. Various authors have exploited this deep etching
method®=*, The use of a deep reactive-ion etching system to
etch to a depth of 600 pm by using a modified Bosch process®-,
For even larger etch depths, the use of double DRIE to etch up
to 1.4 mm of depth®’. Additionally, 3D IC technology, which
is currently an active topic of research, enables the reduction
of the footprint of readout electronics by exploiting the depth
of the wafer’!. Therefore, the reduced footprint of both the
device and readout IC results in an overall size reduction of the
packaged device if the full depth of the Si wafer is exploited.
Furthermore, these types of compact devices are required for
applications such as mobile devices, the Internet of Things
(IoT), and extended reality>'*.

This study introduces a novel Vertical Sense Mass (VSM)
MEMS gyroscope design. Unlike traditional Planar Sense Mass
(PSM) designs, the VSM utilizes Deep Reactive Ion Etching
(DRIE) to create a deep, compact sense mass. The comparative
analysis demonstrates the superior performance of the VSM
design over planar configurations in terms of scale factor
sensitivity, bandwidth, noise, and overall device footprint.
The design details, theoretical equations, design trade-offs,
comparative study and finally, experimental validation are
studied in subsequent sections.

2. METHODOLOGY
Figure 1(a) — Fig. 1(c) illustrates the proposed Vertical



SHAVETA, et al.: ENHANCING MEMS GYROSCOPE PERFORMANCE WITH VERTICAL SENSE MASS DESIGN

Sense plate

W
X
v Gapl
Vertical sense mass Planar sense mass
(VSM) (PSM)
(2)

Sense axis
¥ Drive axis

(©)

Gap2

Gapl

 COVENTOR

~ Sense axis

7z

» Drive axis § COVENTOR

HEEENENEN

(d)

Figure 1. (a) The schematic of Vertical Sense Mass (VSM) and Planar Sense Mass (PSM) structure; (b) Vertical Sense Mass (VSM)
design utilizing depth of 500 pm for sense mass structure; (c) Planar Sense Mass (PSM) design that uses a shallow depth
of 300 pm for sense mass structure; and (d) Vertical Sense Mass (VSM) and Planar Sense Mass (PSM) design structures

on the same scale for footprint comparison.

Sense Mass (VSM) and conventional Planar Sense Mass
(PSM) gyroscope designs. The VSM utilizes a deep DRIE-
etched structure with the sense mass oriented perpendicularly
to the substrate, enabling a more compact design. In the VSM,
rotation induces in-plane sense motion, while in the PSM, it
induces out-of-plane motion. Both designs measure rotation
by sensing the change in gap between moving and fixed
structures. Figure 1(d) compares the footprints of the VSM
and PSM designs, demonstrating the significant size reduction
achieved by the VSM. The proposed VSM design aims to
enhance performance metrics such as sensitivity, bandwidth,
and noise while minimizing footprint. Theoretical analysis,
including mathematical modeling and simulation, will be used
to evaluate the performance advantages of the VSM design.

3. ANALYTICAL PERFORMANCE EVALUATION

The performance of the VSM and PSM designs was
evaluated based on key parameters: sensitivity, bandwidth,
noise, and footprint. The analysis assumed constant angular
rate and drive mass oscillation, with negligible sense beam
mass and damping. While the VSM exhibits Y-direction
deflection due to Coriolis force, and the PSM exhibits

deflection perpendicular to it, the analysis uses a consistent
coordinate system for simplicity. The VSM design is doable by
advanced fabrication techniques and demonstrates improved
performance metrics and a reduced footprint compared to the
PSM.

The MEMS vibratory gyroscope with a 1-DOF resonator
consisting of drive mass m , damping coefficient ¢, and spring
constant coefficient k, was set into vibration with amplitude x|
by applying the electrostatic force F,  along the x-axis. The
amplitude of the vibration x is given®*'***,

F,

Drive

-2 - [a 2] ®
where, w@,=./k,/m, is the sense-mode frequency,
0,=mw,/C, is the sense-quality factor, f,=a,/27 is the
drive resonance frequency. The driving electrostatic force 7,
for the proposed comb-actuated structure is given*. In both
designs, the drive displacement was kept constant for a more
meaningful comparison. Owing to the rotation Qy in the planar
structure, the induced Coriolis displacement of the sense mass
m_ with spring constant k_and damping coefficient C_ in the
z-axis** .,
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where @, =,/ ks / m_is the sense mode frequency,

Q. =m, /Cis the sense quality factor, f, =, /2xr
is the sense resonance frequency and C| is the sense damping
coefficient. m_ is the total mass that generates the Coriolis
force and m_ is the sense mass that is excited by the Coriolis
force. Further, X, indicates that the drive displacement Q
represents rotation and y_ represents the sense displacement.
The frequency response and subsequent BW of the structure
under the application of the rotation rate o_are given**.

A = T2, {1412
' w 1
Ao fa[1- 2% |+ L
o, w\/ ( Aa)}LQf 3)
( ; 1 -
G e G+

> -+
[1+ z’wj +4é{2 \/4(1+Z’—;)j+gll2
where is the sense amplitude concerning the input angular
rate, O, is the effective quality factor Q=AwxQ /o, ®, is the
frequency of the input angular rate Ao is the difference between
the sense and drive frequencies. The sense displacement is
plotted against the input frequency, and the frequency at which
the response is reduced to 3 dB gives the Bandwidth (BW) of
the sensor.
For the MEMS gyroscope, the thermomechanical noise
equivalent angular velocity is expressed*>-¢:
kT, BW

mow; A, O,

“4)

4, is the area of the drive mass, k, is the Boltzmann
constant, T is the absolute temperature in Kelvin, and BW is

the bandwidth.

4. OPTIMIZATION OF SENSE MASS SPRING

PARAMETERS FOR VSM AND PSM DESIGN

The VSM design employs flexure springs to ensure linear,
predictable response and appropriate resonant frequencies. To
suppress undesired twisting modes, the sense mass is suspended
by four beams on either side, optimized for the desired in-plane
vibration mode. The spring constant for the straight beam of
the VSM*7-48,

Ks(vsm) == 3 (5)

W, is the sense spring width? ¢, is the sense spring
thickness, /, is the sense spring length, and E is the Young’s
modulus of silicon. Hence, the effects of spring thickness
and length are studied in detail for a proper trade-off and

optimization.

4.1 Effect of /, and ¢, on K~
Spring design significantly impacts VSM performance.
Table 1 summarizes the impact of spring dimensions

(length, width, thickness) on twisting angle, a critical
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parameter. Increasing spring length or thickness exacerbates
twisting, while increasing width mitigates it. Modal analysis
(Fig. 2(b)) confirms these trends. The optimal spring
dimensions, determined through analysis, are: thickness
(t,.) = 8 um, length (I, ) = 150 um, and width (w, ) = 75 pm,
resulting in a minimal twisting angle of 0.05°. This optimized
design ensures robust performance by minimizing undesired
twisting modes while maintaining the desired in-plane
vibration for the VSM.

4.2 Effect of /[, and ¢, on f

Spring dimensions significantly influence the VSM’s
resonant Frequency (fs). The sense frequency, calculated
as o, =k, /m, depends on sense mass dimensions
(length, width, thickness, and density). Spring dimensions
were adjusted to achieve the desired resonant frequency and
bandwidth for specific applications. Figure 3 illustrates the
variation of fs with spring length and thickness. The sense
mass dimensions were optimized considering application
requirements and fabrication feasibility.

Figure 3 illustrates the variation of sense frequency with
spring length and thickness. The spring dimensions were
optimized to achieve the desired resonant frequency and
bandwidth for target applications. The VSM design utilizes a
flexure-type spring, while the PSM employs a modified crab-
shaped spring?>**?. Both designs were optimized to minimize
unwanted vibration modes. The VSM design significantly
reduces the sense mass footprint, achieving a 30 % reduction in
area compared to the PSM. This translates to a 36 % reduction
in overall sensor footprint. Modal analysis results, shown
in Fig. 4(a) - Fig. 4(d), confirm the desired in-plane drive
mode and out-of-plane sense mode vibrations for the VSM
and PSM designs, respectively. The VSM design, with its
reduced footprint and optimized spring design, demonstrates
the potential for significant size reduction and improved
performance in MEMS gyroscope technology.

5. COMPARISON OF VSM AND PSM DESIGN

PERFORMANCE PARAMETERS
5.1 Sensitivity

The sensitivity of any structure depends on the sense of
displacement in response to the produced Coriolis acceleration
upon the application of rotation. Figure 5a shows the simulated
drive displacements (x,) at resonant frequencies of 47098 Hz
and 3253 Hz for the VSM and PSM designs, respectively. The
simulation work has been carried out in CoventorWare 10
software. Coupled DC and AC were applied along the x-axis to
obtain a maximum x,of 15 um for both the designs, as shown
in this figure. After obtaining the peak drive displacement,
the structure was subjected to an angular rotation of 1 rad/s
along the z-axis for the VSM design and y-axis for the PSM
design (Fig. 1(b) and Fig. 1(c)). Owing to the Coriolis effect,
the structure deflects along the y-axis in the VSM design and
along the z-axis in the PSM design. Figure 5(b) shows the
simulated sense deflections for the VSM and PSM design.
The peak deflections in the desired axis at 1 rad/s for the VSM
and PSM designs are almost identical at 7.34x10®* m and
7.30x10® m respectively. The peak twisting amplitude and
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Figure 2. (a) Side view of VSM springs attached to sense mass; and (b) Modal analysis of sense mass for VSM design for two cases,

(i) Low twisting and (ii) High twisting.

Table 1. Effect of Sense mass spring length and thickness on sense mode frequency and twisting angle of VSM and PSM

Spring length I, (um), Spring thickness t,_ Sense mode 1- Sense mode 2- Twisting angle of VSM
spring width w,_ (nm) (pm) frequency f of VSM frequency f of VSM structure (deg)
150 pm, 35 pm 8 32243.5 39202.7 0.86
10 45052.3 44721.4 2.94
200 pm, 35 um 8 20937.0 26302.9 243
10 30397.6 29252.2 3.27
150 pm, 50 um 8 38524.6 65541.0 0.72
10 53823.7 74141.6 1.35
150 pm, 75 pm 8 47154.8 118875.8 0.05
10 65871.3 133684.6 0.08

1.955x10°
1.775x10°
1.595x10°
1.415x10°
1.235x10°
1.055x10°
8.750x10*
6.950x10"
5.150x10"
3.350x10"

1.550x10*

Figure 3. 3d plot showing the variation of sense mass natural
frequency with spring length and thickness.

angle for VSM design is 3.21x10"® m and 6.80x10" deg
respectively, which is negligible with respect to the dominating
bending mode of vibration of sense mass. Because the results
show similar values of sense displacement for the VSM
and PSM designs, the performance of the VSM design will
be enhanced by utilizing the wafer thickness to reduce the
footprint of the device. Furthermore, because the noise has a
stronger dependence on o, (Eqn. 4), by shifting f, to a higher
value for the VSM design (compared to PSM) while keeping
Ao the same as that of the PSM design, the noise can be
reduced in the VSM design and improve the overall PM.

Equation 2 shows that sense displacement depends
on mass ratio M =m,/ m_and spring constant ratio K=k ,/ k,
Optimizing M_and K _is crucial for achieving desired resonant
frequencies (f; and f) and bandwidth. Drive displacement is
kept constant for fair comparison. The VSM and PSM designs
are compared at different values of M_and K _to assess their
impact on performance parameters.

Figure 6(a) illustrates the variation of sense displacement
with mass ratio (M) at a fixed spring constant ratio (K ). Here,
it is assumed that the structures in both designs vibrate with
a constant drive displacement amplitude and rotation rate of
400 “/s. Sense displacement peaks when K_and M are equal,
regardless of the design. The VSM design exhibits a maximum
sense displacement of 1.15 x 10? m at K = 6.9, while the
PSM design achieves a similar value of 1.12 x 10 m at K_
= 7.80. To comprehensively analyze the influence of both M,
and K, a 3D plot depicting sense displacement variation with
respect to both parameters is presented in figure 6b. The peak
displacement was 1.28x102m and 1.18x102 m for the VSM
and PSM designs, respectively. The plot trends for PSM design
were similar. For the proposed VSM design, M_ was 7.82, and
K, was 7.80, and for the PSM design M_was 7.04 and K_was
6.9 to get the same drive and sense resonant frequencies.

Figure 7 shows the sense displacement at different rotation
rates to determine the mechanical sensitivity of both the
designs. The rotation rate was varied from 0 to 400 °/s, and the
sense displacement was recorded. From the linear curve fitting,
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Figure 4. Modal analysis results: (a) Drive mode in VSM design; (b) Sense mode in VSM design; (c) Drive mode in PSM design;

(d) Sense mode in PSM design.
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Figure S. (a) Drive displacement as a function of frequency showing peak at the resonant frequency f; and (b) Sense mass displacement
as a function of frequency showing peak at the resonant frequency f.

the sensitivities for the VSM and PSM design are 9.63x10°
m/deg/s and 9.60x10° m/deg/s respectively, which shows
that VSM is marginally better than PSM. For any structure, if
the mass and spring constant ratios are adjusted such that the
gap between the drive and sense frequencies is the same, the
sensitivity will remain the same and will be independent of the
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structural dimensions. Thus, it can be concluded that there may
not be any reduction in the sensitivity while optimizing and
changing the design from PSM to VSM, but there is a gain in
the noise and footprint, and hence in the overall performance
metric, as will be shown further.
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Table 2. Optimized structural parameters for VSM and PSM design

Structural parameters VSM design PSM design
Drive and sense mass thickness (t ) 500 pm 300 pm
Sense beam width (w, ), length (1, ), thickness (t, ) 55 pm, 150 um, 8 um 25 um, 950 pm, 15 pm
Sense gap (d) 5 pm 5 um
Comb fingers length (1), width (w_ ), width (w_ ) 100 pm, 50 pm, 2.5 pm 100 pm, 50 um, 2.5 um
Drive frequency f 47098 Hz 3253 Hz
Sense Frequency f, 47136 Hz 3291 HZ
38 Hz 38 Hz

Frequency difference (fs - f)
Drive mass (m,), Sense mass (m,)
Sense mass foot print

Total foot print of the device (1, x w,)

1.0x107kg, 9x10%kg
500 um x 150 pm
1510 pm x 860 um

1.1x10kg, 1.6x10"kg
500 pm x 500 pm
2232 pm x 1610 pm
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Figure 6. (a) Sense mass displacement for different M_at fixed K ; and (b) The plot of sense displacement at different M_and K _for

VSM and PSM design.

5.2 Bandwidth (BW)

In this section, we compare the bandwidths of these
two designs. As discussed earlier, for a given K, M, can be
adjusted M_ to obtain the required resonant frequency guided
by a particular BW requirement, or vice versa. Figure 8 shows
the 3d plot of the variation in the 3 dB bandwidth with the
mass ratio. As can be seen, a V-shaped curve is observed. The
pointed end at the bottom of the V-shaped curve shows almost
negligible bandwidth; here, M, K, f, and f_are almost the same.
As the M_and K_values moved far away from one another, the
bandwidth increased and the increase was almost linear along
the slanted ends of the V-shaped curve. Generally, the structure
will have the highest sensitivity at negligible bandwidth, but to
get higher bandwidth to measure angular velocity over a wider
range of frequencies, one may have to sacrifice the sensitivity.
Therefore, it is important to select a gyroscope with the
appropriate bandwidth for the intended application. The trend
in this plot is the same for both VSM and PSM designs. Figure
9(a) compares the bandwidths of the VSM and PSM designs.
The VSM exhibits wider bandwidths (+3 dB: 25 kHz, -3 dB:
73.75 kHz) compared to the PSM (+3 dB: 18 kHz, -3 dB: 51

kHz). This is attributed to the higher resonant frequency of the
VSM design. Both designs have similar sensitivity and drive-
sense frequency differences. The VSM design, with optimized
spring dimensions and a reduced sense mass footprint (30 %),
demonstrates improved bandwidth and overall performance.
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Figure 7. Sensitivity for VSM design (M = 7.82, K =7.80)
and PSM design (M_= 7.04, K = 6.9) and K.
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Figure 9. (a) Normalized displacement for VSM design
M, = 7.82, K = 7.80) and PSM design (M, = 7.04,
K, = 6.9); and (b) Bandwidth with normalized
damping for VSM design (M = 7.82, K = 7.80) and
PSM design (M_= 7.04, K = 6.9).
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Figure 9(b) illustrates the impact of damping coefficient
(C,) on bandwidth. For both designs, bandwidth initially
increases with C_but saturates at higher values due to reduced
sense amplitude and quality factor. Notably, the VSM design
achieves a similar bandwidth (e.g., 29 Hz) at a lower damping
coefficient (C, = 1.05) compared to the PSM (C, = 1.75).
However, at higher damping ratios, the VSM design exhibits
more rapid bandwidth saturation.

5.3 Thermomechanical Noise

The VSM design exhibits lower thermomechanical noise
compared to the PSM. Noise analysis reveals an inverse
dependence on sense mass, drive frequency (o)), and drive
displacement. The VSM design, with its thicker sense mass
(500 um) and higher resonant frequency to lower the twisting,
inherently results in lower noise. Figure 10(a) shows the
variation of noise with sense mass thickness, demonstrating
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Figure 10. (a) Thermomechanical noise variation with
sense mass thickness; and (b) 3d plot for noise
variation at different M_and K_for PSM design
at 500 pm sense mass thickness.
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lower noise for the VSM compared to the PSM. Furthermore,
Figure 10b illustrates the dependence of noise on mass ratio
(M,) and spring constant ratio (K ). While noise varies with M,
and K for both designs, the VSM consistently exhibits lower
noise levels. For optimized parameters, the VSM achieves
1.7 x 10* °/s noise compared to 6.8 x 10 °/\s for the PSM,
while maintaining comparable sensitivity and achieving a
36 % reduction in footprint.

Hence, by optimising structural parameters, both VSM
and PSM designs achieve comparable sensitivity. However,
the VSM design demonstrates superior performance due to
its higher resonant frequencies and lower damping, leading to
an extended bandwidth. Furthermore, VSM’s increased proof
mass thickness fundamentally reduces thermomechanical
noise. These performance advantages, coupled with a
significant 36 % smaller sensor footprint, collectively establish
VSM as the more advantageous and efficient design solution.

6. COMPARISON OF THE
PERFORMANCE METRIC
New performance metric (PM) is proposed to compare

designs, considering sensitivity, bandwidth, noise, and footprint.

This metric accounts for the trade-offs inherent in optimizing

these parameters. The VSM design, with its reduced footprint

and optimized spring dimensions demonstrate superior PM
compared to the PSM

IMPROVED

PM1 = |:Senszttvzly BWj|
Noise (6a)
PM2 — Sensitivity * BW
Noise* Footprint (6b)

The resultant values of both the performance metrics
should be maximized for a particular design. Different
parameters are maximized or optimized for a particular design
based on specific applications??#4*5%; however, the newly
proposed improved performance metric can facilitate the
comparison of different designs on the same platform'”.

The objective was to maximize PM to achieve better
performance. A comparison of the performance metrics for the
VSM and PSM designs is presented in Table 4. It is evident
that the two designs considered for comparison, shown in the
above table, have almost comparable sensitivity; however,
the VSM design has a higher bandwidth and lower noise
parameters, and both have a reduced footprint. If the PSM

design is considered at the same higher resonant frequency
or bandwidth as the VSM design, the performance metric for
the VSM design is higher than that of the PSM design. The
PM2 for VSM and PSM is 1090 m Hz/dps*um? and 70.7 m Hz/
dps?um?, respectively, which is 15.4 times higher than PSM
design.

If the footprint is not considered, that is, PM1 for the
VSM and PSM design is 1.42x10° mHz/dps® and 2.54x10*
mHz/dps? respectively, which is 5.6 times higher than that of
the PSM design. Hence, it can be concluded that for VSM,
both PM1 and PM2 were higher than those in the PSM design.
From a fabrication viewpoint, the VSM design involves a
few additional fabrication steps compared to the PSM design.
However, these are doable owing to the recent advancements
in the silicon fabrication technology of MEMS sensors??%%7,
The VSM design, with its improved performance metric and
reduced footprint, enables applications in wearable devices,
IoT, AR/VR systems, and UAVs, where compact inertial
sensors are crucial.

6.1 Comparative Analysis

To validate these findings, different MEMS gyroscope
designs were obtained from the literature. Various authors have
optimized designs to maximize individual parameters, such
as sensitivity, bandwidth, noise, and size. The performance

Il Without footprint| Current study Current study
With footprint |  (PSW (VSM)

PSM psm
] [50]

Performance metric (PM)
>

0 100 200 300 400 500
Sense mass thickness (um)
Figure 11. Experimental results of PM at different sense mass
thickness for various designs from literature vis-a-vis
our proposed design.

Table 3. Comparison of PMs for the proposed VSM design vis-a-a-vis from other designs from literature

Refrence  DeSEn Sensiviy - Bandwiah Fooprint (L0 M, Nobe  PMI
(um) dps*um?)
26 PSM 4.69¢-9 25 1x1 10 3.7¢-9 0.0041 2.86e-8 0.0286
48 PSM 1.74e-11 21.6 4.6x4.6 30 2.1e-7 0.00047 8.00e-7 0.0378
27 PSM 1.06e-9 25 2.3x1.3 58 2.3e-8 0.0045 5.89¢-6 1.97
49 PSM 1.06e-7 7 5.8%6.0 100 2.5e-6 0.0103 7.20e-5 2.07
Current study PSM 9.60e-9 18 2.2x1.6 300 1.0e-7 0.00068 2.54e-4 70.7
Current study VSM 9.60e-9 25 1.51x0.86 500 9.0e-8 0.00017 1.41e-3 1090
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Figure 12. (a) Fabrication process sequence for the proposed design; and (b) The SEM image of the released structure.
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metrics of these designs were compared for a meaningful
comparison. Table 3 presents the designs explored in the
literature for comparison®?#4_ The mechanical sensitivity
of the sensor in m/dps was noted from individual references.
It can be seen from Table 4 that PM1 is 1.41x 10 mHz/dps?
(without footprint) and PM2 is 1090 mHz/dps’um? (with
footprint), which is higher among all. The data were analyzed,
and trends between the sense mass thickness and PM1 and
PM2 was observed. As there is no continuous variation in
the sense mass thickness of the performance metric from the
literature, this trend is shown in the histogram plot in Fig. 11.

The plot shows the log of both performance metrics,
without a footprint and with a footprint at different sense mass
thicknesses. It was observed that both performance metrics
improved with an increase in sense mass thickness. When
the sense mass thickness was increased from 10 pm to 500
um, PM1 and PM2 increased by 4.94 x 10*times and 3.80
x 10 times, respectively. Furthermore, as discussed in the
introduction the area of the VSM and PSM design is 1.29 mm?
and 3.59 mm?. Hence, the area of VSM design achieved using
DRIE in MEMS technology is comparable to the 1.2 mm? area
mentioned by Gadola et al.17 using the NEMS technology.

Hence, the data from the literature is presented to support
the analysis considered for comparing the designs, confirming
the enhanced performance metric of the proposed VSM design
using a thick sense mass.

7. FABRICATION

The proposed fabrication process sequence of the
gyroscope is shown in Figure 12a. (i) Central wafer (a)Lapping
and polishing, (b)Thermal oxidation (1pm), (c) DRIE etch
from front side. (d) Reoxidation, (¢) DRIE front side, (f) DRIE
back side, (ii) Bottom wafer: (g) Lapping and polishing,(h)
Thermal oxide, (i,) Patterned oxide, (j) metal deposition, (k)
Metal pattern, (I)Glass frit spinning and patterning, (iii) Top
Wafer: (m) Lapping and polishing, (n) Thermal oxide, (o)
Pattern oxide, (p) DRIE etch, (q) Oxide remove, (r)Glass frit
spinning and patterning, (s) bonding of middle and bottom
wafer, (t) bonding with top wafer, (t) Metallization by shadow
masking, (v) [sometric view of MEMS gyroscope, (w) View of
metallization from electrode.

Device construction necessitates the manipulation of
three silicon wafers, each characterized by low resistivity
(0.01-0.001 Q-cm). On the central wafer, the critical device
layer is precisely patterned; this involves sequential deposition
of multiple masking layers, succeeded by Deep Reactive Ion
Etching (DRIE) applied to both its top and bottom faces.
Subsequently, this treated central wafer undergoes bonding
with two supplementary low-resistivity silicon wafers, which
form the upper and lower strata. A comprehensive, step-by-
step depiction of the fabrication methodology is provided in
Fig. 12, delineating: (i) the stages involved in processing the
central wafer (a-f), (ii) the separate fabrication phases for the
top (g-1) and bottom (m-r) wafers, and (iii) the final three steps
of wafer assembly, comprising the initial bonding of the bottom
and central wafers, and then the top wafer to the resulting stack

(s-u).

Central Wafer: The initial step, depicted in Fig. 12(a),
involves the mechanical thinning and surface planarization
of the silicon wafer to attain the target thickness, a parameter
readily optimised per established methods®. Figure 12(b)
then illustrates the deposition of a thermal oxide layer, which
functions as a masking layer during the Deep Reactive Ion
Etching (DRIE) process. Subsequently, Fig. 12(c) depicts the
wafer patterning, accomplished by first defining the desired
features via photolithography (PLG)-a process thoroughly
described®?**-followed by a DRIE step. Figures 12(d) and Fig.
12(e) sequentially show the oxide removal and subsequent
re-oxidation. Finally, Fig. 12(f) presents the Deep Reactive
Ion Etching (DRIE) of the structure from both front and rear
surfaces, a crucial step performed post-photolithography to
precisely delineate the beams.

Bottom wafer: Figure 12(g) illustrates the initial
preparation of the bottom wafer, where contact areas for two
drive electrodes and three sense electrodes are meticulously
delineated. A subsequent step, presented in Fig. 12(h), involves
thermal oxidation of the wafer, forming a masking layer
crucial for later processing. Fig. 12(i) and Fig. 12(j) then detail
the patterning of this oxide layer, followed by metallization
via sputtering; a secondary patterning step is subsequently
applied to selectively increase the metal thickness in specific
regions. Following this, Fig. 12(k) depicts the spin-coating of
the wafer with a glass frit, which functions as an insulating
layer>*. Subsequently, Fig. 12(1) shows the precise patterning
of the applied glass frit. Critically, the controlled thickness of
this patterned glass frit layer accurately defines the bonding
gap between the top and bottom wafers.

Top wafer: Processing of the top wafer commences with
the precise delineation of'its sense electrodes. Figures 12(n) and
Fig. 12(o) illustrate the wafer’s subsequent thermal oxidation
and patterning, preparing it for the ensuing etching procedure.
Figure 12(p) then details the wafer’s patterning using Deep
Reactive Ion Etching (DRIE), a step succeeded by the removal
of the oxide layer and the application of a glass frit via spin-
coating, as visualized in Fig. 12(q) and Fig. 12(r).

Bonding of wafers: Wafer integration is achieved through
direct bonding®. Figure 12(s) illustrates the initial bonding
step, where the central wafer is joined to the bottom wafer.
Subsequently, as shown in Fig. 12(t), the top wafer is inverted
and precisely aligned onto the previously bonded combination.
Figure 12(u) presents the completed bonded stack; electrical
contacts are then established from these wafers following a
metallization process utilising shadow masking™.

An isometric perspective of the fully integrated MEMS
Gyroscope is provided in Fig. 12(v). The device features two
external connections dedicated to the drive displacement
mechanism, while the remaining three are allocated for sensing
displacement, originating from the top, bottom, and central
electrodes. A representative view of the metallization from the
middle electrode is presented in Fig. 12(w).

7.1 Deep Reactive Ion Etching (DRIE) Experiment
of a Thick Substrate
For the experimental fabrication of robust, thick mass
structures, extensive test runs were conducted to optimise the
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deep reactive ion etching (DRIE) process. Figure 12b provides a
scanning electron microscope (SEM) image of a representative
structure, achieved using this optimized DRIE method, which
was designed to have a target thickness of 400 um.

Within the figure’s inset, scanning electron microscopy
(SEM) measurements of a sidewall indicated a raw thickness
of 396.2 um when the sample was observed at a 16.40-degree
mounting angle. After accounting for this non-zero angle, the
true sidewall thickness was determined to be 412.1 um (derived
from 396.2 / Cos (16.40)), which closely aligns with the
intended 400 um target. The resulting etch profile demonstrates
excellent uniformity, a nearly vertical sidewall angle, and high
repeatability. This improved etch selectivity was achieved
through the strategic utilization of a composite mask consisting
of thermal oxide, nitride, and plasma-enhanced oxide layers.

8. CONCLUSION

This paper introduces an advanced MEMS gyroscope
design featuring a vertical sense mass (VSM) architecture,
diverging from the conventional planar sense mass
configurations commonly reported in the literature. The
vertical sense mass configuration leverages deep reactive ion
etching (DRIE) techniques to achieve enhanced performance
metrics, resulting in a compact sensor footprint. Comparative
analyses with traditional planar or crab-leg designs reveal the
proposed VSM approach’s superior efficacy, demonstrated
through theoretical modeling, simulation, and comparative
analysis. The tentative process flow to fabricate the structure
is discussed, and experimental validation of thick mass with
DRIE is also shown. Key performance parameters, including
sensitivity, bandwidth, noise, and device footprint, exhibit
significant improvements in the VSM design. The reduced
form factor of the proposed gyroscope architecture positions it
as an ideal candidate for next-generation applications requiring
high-performance sensors within a minimal spatial footprint.
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