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Abstract

Objectives. Microsystem engineering is currently receiving a great deal of research attention due to the very
wide scope of application of its various elements. The present study of the development and creation of modern
gyroscopes based on microelectromechanical systems (MEMS gyroscopes) analyzes the risks associated with the
technological aspects of their production and identifies promising areas for further development both of MEMS
gyroscopes themselves and the technologies used to manufacture them.

Methods. A detailed analysis of existing scientific publications, analytical reviews, and other available sources
on MEMS gyroscopes and current trends in the field of microoptoelectromechanical technologies and ferroelectric
films was carried out.

Results. A brief description of the design solutions of modern MEMS gyroscopes and their integration into
mechatronic systems is presented. The production technologies of MEMS gyroscopes and specifics of the
technological equipment used are considered. A separate section discusses the configuration and calibration
aspects of these devices. Promising directions for the development of MEMS gyroscopes with an emphasis on the
use of microoptoelectromechanical converters and ferroelectric films are highlighted.

Conclusions. Based on the analysis, the prospects for the development of MEMS gyroscopes are shown, despite
the existing technological challenges. It is noted that new physical principles and unique technologies can contribute
tothe emergence of new types of MEMS gyroscopes using micro-optoelectromechanical converters and ferroelectric
films. This, in turn, opens up new horizons for future developments in this area. The necessity of developing new
production technologies and specialized equipment to improve the quality of MEMS gyroscopes is demonstrated.
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Pe3iome

Llenu. MnkpocrucTeMHas TeXHMKA SIBNSETCS OAHUM 13 Hanbosiee NonynsipHbIX U NEPCMNEKTUBHbIX HANpaBieHUI, KO-
TOpbIE aKTMBHO pPa3BMBAIOTCS B HacToswee Bpemsa. O6nactb NPUMEHEHUS 3IEMEHTOB MUKPOCUCTEMHOM TEXHUKU
BeCbMa LUMpoOKa. HacTosiwas paboTa HanpaeieHa Ha BCECTOPOHHEE U3yYeHMe NPOLLECCOB pa3paboTKn U CO34aHUSA
COBPEMEHHbIX M’MPOCKOMNOB HA OCHOBE MUKPO3NeKTpoMexaHmnyeckmx cuctem (MOMC-rupockonos). Llensto nccne-
[O0BaHN4 SBNSIETCA aHaIn3 PUCKOB, CBA3AHHbIX C TEXHOIOMMYECKMMI acnekTaMu nx Npon3BoACTBa, a Takxke onpe-
[eneHne nepcnekTUBHbLIX HanpaBneHUn ona AabHENLEro pasBmTus kak cammx MOMC-rnpockonoB, Tak U TEXHO-
NOrNM NX N3roTOBMIEHUS.

MeTopabl. B xoae paboTbl OCYLLECTBAEH AETANN3NPOBAHHbIM aHANN3 CYLLLECTBYIOLLMX HAYYHbIX My6nnkauuii, aHanm-
TUYECKNX 0630POB U APYIMX OOCTYMHbIX MCTOYHMKOB, NOCBALLEHHbIX MOMC-rupockonam un akTyasbHbIM TPEHOAM
B 00/12CTN MUKPOOMNTOSNIEKTPOMEXAHNHYECKNX TEXHOIOTNIA U CErHETO3NIEKTPUYECKNX MSIEHOK.

Pe3ynbTaTthl. [peacTaBneHo KpaTkoe onncaHme KOHCTPYKTUBHbBIX PELIEHUn COBPeMEHHbIX MOMC-rmpockonos,
a Takke UX MHTEerpaLms B MeXaTPOHHbIE CUCTEMbI. PaccMaTtpumBaloTcs TexHonorum npondesoactesa MOMC-rnpocko-
noB 1 crneumdurKa NCNosb3yeMOoro TeXHONornyeckoro o6opyaoBanus. B otaensHom pasaene o6CyXaaoTcs acnek-
Thl HACTPOWKN N KaNMBpPOBKM 3TUX YCTPOICTB. BblaeneHbl nepcnekTnBHble HanpasneHus pa3sutusg MOMC-rnpocko-
NMOB C akLLeHTOM Ha NPUMEHEeHne MUKPOONTO3NIEKTPOMEXaHNYECKMX NPeobpasoBaTesieinl U CErHeTO3NEeKTPUYECKMNX
MAEHOK.

BbiBOAbI. Ha OCHOBE NPOBEAEHHOIO aHanM3a nokasaHa nepcnekTUBHOCTb pas3BnTus MOMC-rmpockonos, HECMO-
TPS HA UMEIOLLMECH TEXHONOrMYeckre Bbi30Bbl. OTMEYEHO, YTO HOBblE GU3MNYECKME NMPUHLMMBI U YHUKAJbHbIE TEX-
HOMOMMN MOTYT CNOCOBCTBOBATL MOSIBNIEHNIO HOBbIX BUA0B MOMC-rnpockonoB, NCNOb3YLWMX MUKPOOMNTO3J1EK-
TpOMexaHMn4Yeckne npeobpas3oBaTesnv U CErHETOINIEKTPUYECKME MIEHKN. DTO, B CBOIO O4Yepenb, OTKPbIBAET HOBbIE
ropu30HTbI ANns OyayLiyx pa3paboTok B AaHHOM obnactu. NokasaHa HeOOXOAMMOCTb Pa3pPadboTKM HOBLIX TEXHOO-
rmMin NPON3BOACTBA U CNeumnann3MpoBaHHOro 060pyaoBaHMsa s noebllleHns kadectsa MOMC-rnpockonos.

KnioueBble cnosa: MOMC-rnpockorn, MUKPOCUCTEMHAs TEXHMKA, TEXHOJIOMMS co3aaHunsl, 06opyaoBaHMe Npouns-

BOACTBA, MUKPOOMTO3NEKTPOMEXaHNYEeCKMIA Npeobpa3oBaTtesib, ONTUYECKNI TYHHESbHbI addekT, POoToHMKA, cerHe-
TO3/IEKTPNYECTBO

Ansa uutupoBaHua: KysHeuos .C. MUKpOSNeKTpOMEXaHNYECKNE CUCTEMBI: MyTb K COBEPLLUEHCTBOBAHMUIO MMPOCKO-

nos
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MpospayHoCTb GUHAHCOBOI AeATeNIbHOCTU: ABTOP He MeeT GUHAHCOBOW 3aUHTEPECOBAHHOCTY B NPenCcTaB/eH-
HbIX MaTepuanax uiaM MeTogax.

ABTOp 3asBnseT 06 OTCYTCTBUN KOH(INKTA UHTEPECOB.
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INTRODUCTION

Microsystem technology (MST) is a popular and
promising area of research due to the wide field of
application of its components. These include primary
information sensors of electrical and non-electrical
quantities, micromotors and various elements of
avionics, as well as medical microinstruments.

Microelectromechanical  systems (MEMS) and
MEMS gyroscopes in particular are among the most
demanded areas in microsystems technology [1]. The
main purpose of a MEMS gyroscope is to determine the
motion parameters of systems and devices in which they
are installed. Their small overall dimensions and low
power consumption make them attractive for use in many
industries such as automotive technology, robotics, cell
phones, and many others. In particular, their use in special-
purpose systems (unmanned aerial vehicles, guided
projectiles, inertial navigation systems, etc.) determines
the increased requirements pertaining to the characteristics
and technology of MEMS gyroscopes [2—6].

The purpose of the present work is to study the
process of creating MEMS gyroscopes, to analyze its
features, as well as to identify promising directions for
the development of MEMS gyroscopes and methods of
their manufacture.

SPECIFIC FEATURES OF MODERN MEMS DESIGN

Microsystems technology comprises a set of
scientific, technical and technological methods that
ensure the creation of an ordered composition of
micron and submicron regions of materials with a
given composition, structure and geometry in the
volume and (or) on the surface of a solid body. This
characteristic enables the realization of the functions
of perception, transformation, storage, processing,
translation of information, energy, motion and generation
of control actions in the required modes and operating
conditions [7].

A microelectromechanical system is a system
that combines microelectronic and micromechanical
elements (Fig. 1). These devices with the help of
mechanical elements convert the external impact into an
electrical signal (gyroscopes, accelerometers, pressure
sensors, etc.) or under the influence of electrical forces
they themselves make movements [8].

Micro-

Micro-  / ) Micro-
mechanics G OB EEE T EE) electronics
\\system (MEMS)/"

/

Fig. 1. MEMS diagram [8]

A MEMS gyroscope is a microminiature
electromechanical system in which the energy of
primary (forced) oscillations of inertial mass under
the influence of external angular velocity is converted
into the energy of secondary oscillations on which
basis information about the measured impact may be
obtained [9-11].

Thus, the simplest MEMS-based gyroscope consists
of two main functional elements: an angular velocity
sensor (AVS) and service electronics that perceive,
amplify and processes the signal from the capacitive
output of the sensor, as well as controlling the operation
of the micromechanical structure. Let us consider the
structural characteristics of these two elements, as well
as how they are arranged in the assembly.

Most MEMS gyroscopes belong to the gyroscopes
of the oscillation type. Depending on the type of inertial
mass, all designs of micromechanical sensors (MMS)
used in gyroscopes can be divided into several main
types as presented in Fig. 2 [12, 13].

The first type is beam inertial masses. The principle
of their operation can be described as follows: piezo
elements provide an oscillatory motion to the cantilever
beam in the direction of the X axis (Fig. 3). Rotation
about the Z axis, which is parallel to the longitudinal
axis of the beam, causes oscillations along the Y axis
according to the Coriolis force, which are registered by
other piezo elements [14].

Types of inertial masses
of MEMS gyroscopes
I

[ I [ |
Tuning fork

Beam Lamellated Ring type

Fig. 2. Types of inertial masses of MEMS gyroscopes

Y
Piezoelectric X
-
elements _ 7 /
Measured
rotation

Generated !
(primary)  ~__| {
oscillations
\‘ Measuring (secondary)

vibrations due
to Coriolis force

Fig. 3. Principle of operation of the beam gyroscope

The second type of inertial masses are tuning fork
gyroscopes, named according to the design of the
resonator. Gyroscopes built on this principle work quite
simply (Fig. 4): rotation around a vertical axis causes
the masses oscillating in counter-phase in one plane
to oscillate in a plane perpendicular to the primary
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oscillations. Secondary oscillations detected using
capacitive sensors provide information about the angular
velocity [14].

Measured
Oscillations due

rotation
C_j to Coriolis force

Generated

(primary)
oscillations

A2

Fig. 4. Principle of operation of the tuning fork gyroscope

Due to the presence of vertical oscillations, these
gyroscopes cannot be fabricated using planar technology,
which prevents their mass production.

Another type of gyroscopes utilizes plate inertial
masses [9—-11, 15]. Depending on the type of motion
of primary and secondary oscillations of inertial
masses, gyroscopes are L-L-type (linear-linear), R-R-
type (rotate-rotate), and R-L-type (rotate-linear), and
R-L and L-R combinations are possible (Fig. 5) [15, 16].
Significant progress in the field of L-L-type gyroscopes
was achieved by Analog Devices (USA), which created
the integrated MEMS technology [5]. The MEMS
gyroscope of this type (Fig. 6) works as follows. Inertial
masses /, suspended through two-dimensional springs 2,
sway in opposite directions (antiphase), causing primary
oscillations to arise. The springs 2 ensure the movement
of the inertial masses in two directions by means of
an electrostatic force sensor. When angular velocity
occurs, Coriolis forces are generated, which cause the
inertial masses to move in a direction perpendicular to
the direction of primary oscillation, also counter-phase.
The inertial masses cause the movement of the removal
combs connected with them through two-dimensional
springs 2 and hung on one-dimensional springs 4,
which enable the removal brushes to move only in one
direction. The take-off combs are connected with each
other according to the differential scheme, which allows
us to obtain at the output a signal equivalent to the acting
angular velocity.

MEMS gyroscopes
with lamellar inertial masses
|

[ [ |
L-L type R-R type
MEMS gyroscope MEMS gyroscope

R-L type
MEMS gyroscope

Fig. 5. Types of MEMS gyroscopes
based on inertial masses
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e

Fig. 6. Operating principle of L-L-type gyroscope:
(7) one-dimensional springs;
(2) removal strip contacts;
(8) two-dimensional springs;
(4) inertial masses

A schematic diagram of the R-R-type gyroscope,
another type of MEMS gyroscope, is shown in Fig. 7.
The inertial mass (rotor) relative to the anchors installed
on the substrate (base) has a suspension mechanism
including elastic and intermediate elements. The
electrostatic actuator causes primary oscillatory motion
of the rotor around the Z-axis. When the transfer angular
velocity Q of the base appears, the variable gyroscopic
torque causes secondary oscillations of the rotor
around the Y axis, which can be detected by capacitive
displacement meters [9-11, 17, 18].

Primary
oscillations

Secondary
oscillations

X Y

Fig. 7. Operating principle of R-R-type gyroscope:
(7) intermediate (kinematic) suspension element;
(2) rotor; (3) elastic suspension elements; (4) anchor

The last type of MEMS gyroscopes is the R-L-type
gyroscope. According to the design (Fig. 8), it is a
tuning gyroscope realized as two inertial masses fixed
by elastic elements on the outer frame. The frame itself
is connected to the base through elastic elements that
provide it with rotational motion around the axis. The
electrostatic motor, which is presented in the form
of a crested structure, excites antiphase progressive
oscillations of the masses. In the presence of angular
velocity €, whose vector coincides with the measuring
axis of the frame rotation, Coriolis forces arise to create
a variable torque that leads to angular oscillations of the
frame around the axis having a frequency equal to that
of the motor. The amplitude of the frame oscillation is
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AZ

Secondary

() oscillations

P

Primary
oscillations

v Primary
oscillations

Fig. 8. Operating principle of R-L-type gyroscope:
(7) elastic suspension elements of secondary oscillations; (2) anchors; (3) inertial mass;
(4) elastic suspension elements of primary oscillations; (5) rigid suspension elements.
Fyis a Coriolis force vector; v is a velocity vector; @ is a rotation angle of the sensitive element (SE)

a measure of the angular velocity being measured. The
frame oscillations are measured by means of a capacitive
sensor, the electrodes of which are located on the base
under the inertial masses.

Thering MEMS gyroscope is a special case of an AVS
with distributed parameters. The ring resonator oscillates
in the direction corresponding to the main vibrational
mode. Under the influence of angular velocity (rotation
of the ring), the orientation of the vibrational mode
relative to the ring itself changes. This is due to the
impetus to maintain its orientation under the action of
the inertia force caused by Coriolis acceleration [11]. As
such, the ring MEMS gyroscope can be considered as a
type of wave solid-state gyroscope.

Among many existing technologies of MMS fabrication
included in MEMS gyroscopes [5, 10, 11, 15, 16], let
us consider in detail the silicon-on-glass technology.
The micromechanical sensors manufactured by this
technology comprise a vacuum-dense capsule in which
the leads from the silicon structure elements are led
hermetically through metallized holes in the glass to the
surface where they are connected with contact pads. The
micromechanical silicon structure in vacuum inside the
capsule is a vibrating microgyroscope. The design of
MMS in capsule version is presented in Fig. 9.

6
1
AP > ujfz
4 ,/—/_

s/ \«
Fig. 9. MMS design in capsule version:

(7) cover; (2) base frame (Si); (3) base;
(4) silicon structure; (5) contacts (Al); (6) getter (Ti)

%

Several approaches are taken to the manufacture of
MMS and service electronics. The smallest and the most
technologically labor-intensive is the variant in which
the sensor and the chip are located on one crystal and
sealed in one housing. An alternative variant has similar
design with the difference that the elements are executed
on two different crystals. In this case, the resulting
MEMS gyroscope is used as an independent element.
A third design variant assumes separate encapsulation
of the sensor and chip, after which they are located on
the switching board together with other elements of the
system. The fourth option, which is the most convenient
from the point of view of its subsequent use, features a
design in which the encapsulated sensor and integrated
circuit are mounted on the switching board and placed in
one sealed enclosure as separate elements.

Among the possible variants of MMS design,
silicon-on-glass technology has the following positive
features:

1) closest technology to silicon microelectronics
technology and consequently well mastered,;

2) technology has the possibility of group production;

3) silicon and glass wafers used in production are
produced by industry;

4) specialized equipment produced for this technology
is constantly upgraded and improved;

5) technology enables the production of various types
of MMSs;

6) finished encapsulated element is an independent
assembly element, which makes it possible to
separately control its parameters, thereby reducing
the yield of defective MEMS gyroscopes.

We now turn to the design of the entire MEMS
gyroscope in the final design, which involves the
integration of an encapsulated MMS and an integrated
circuit of service electronics.
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There are several variants of mutual arrangement of
the capsule and chip. The first variant is a classical planar
arrangement, i.e., the micromechanical converter and the
service electronics circuit are located next to each other.
The second variant is a two-tier arrangement, i.e., in a
special case with the chip located at the bottom and the
encapsulated element at the top. This arrangement has
an advantage over the first embodiment because of the
reduced size of the final product with a slight increase in
height. However, it also requires the design of a special
case, which complicates production.

The third option involves mounting the
micromechanical transducer directly on the integrated
circuit. The disadvantage of this design consists in the
risk of damage to the chip when the capsule is mounted
on it. Other design options are impossible due to the need
to place the chip on the bottom for heat dissipation [19].

Let us consider in detail the second variant from
the point of view of possibility of manufacturing of
prototype and serial samples of MEMS gyroscopes.
The finalized version (Fig. 10) with the addition
of an intermediate ceramic board for mounting the
micromechanical converter and its electrical switching
with the microcircuit has the following advantages:

1) possibility to control all components of the MEMS
gyroscope before final assembly;

2) possibility to install micromechanical transducers of
various designs and sizes on the switching board;

3) sensor capsule replaceability;

4) sealing of the enclosure, providing protection from
external influencing factors of the microcircuit in
the enclosureless version and the micromechanical
converter [20, 21].

5 1 2
[ [
AN R
= /
J=S§.
7
| — &
4 3

Fig. 10. MEMS gyroscope design:
(7) switching board; (2) encapsulated MMS;
(3) integrated circuit; (4) metallization; (5) cover [8]

MEMS GYROSCOPES—A CLASS
OF MECHATRONIC SYSTEMS

Mechatronics is a field of science and technology
based on the synergetic combination of mechanics,
electronics, and a controlling computer system for the
design and creation of fundamentally new systems and
modules having intelligent control of their functional
motion [8, 22-25]. Figure 11 depicts a schematic

representation of this definition. In essence, MEMS is a
mechatronic node that lacks a control system.

Control
system

—

|" Mechatronic W
\ system )

Mechanics Electronics

Fig. 11. Schematic diagram of the mechatronic
system [8]

A more detailed study of the MEMS gyroscope
design, whichincludes service electronics, demonstrates
that it has the character of a mechatronic system. Let
us analyze the products developed by GIROOPTIKA'
(Russia) presented in Fig. 12 [14, 26-31].
Figure 13 shows the structural diagram of the
micromechanical angular velocity transducer. As can be
seen, in addition to the main MMD of angular velocity,
the presented sensor also includes an additional MMD
of linear acceleration (accelerometer), and the service
electronics is represented by ASIC chip, produced
by GIROOPTIKA.

Fig. 12. Micromechanical transducers produced
by GIROOPTIKA: (a) angular velocity;
(b) linear acceleration; (c) complex transducer

The function of the accelerometer in the presented
MEMS gyroscope is to measure linear acceleration and
subsequent MMS compensation of angular velocity to
accelerations.

The purpose of an ASIC chip is to provide amplification
and direct digital conversion of the signal from the MMS
outputs of angular velocity and linear acceleration, as
well as digital formation of MEMS gyroscope output
signals and control signals for MMS. In addition, the
chip has a built-in processor unit with a permanent
memory device (ROM), which provides the possibility

! http://gyro.ru/. Accessed March 22, 2025.
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Micromechanical
angular velocity
transducer

Micromechanical
linear acceleration
sensor

Micromechanical
angular velocity
sensor

ASIC chip Switching board

Fig. 13. Structural diagram of a micromechanical angular velocity transducer

of individual adjustment and calibration of each AVS,
taking the technological variation of parameters
and their temperature dependence into account. The
processor unit is used to adjust the MMS (adjusting
the frequency of natural oscillations of the MMS along
the measuring axis relative to the frequency of forced
oscillations), to correct the nonlinearity of the scale
factor and zero offset. Compensation of technological
variation of parameters and their temperature
dependence and sensitivity to overload along the output
axis of the angular velocity MMS is calculated in
accordance with the data recorded in ROM, taking into
account the signal of the on-chip built-in temperature
sensor with its own analog-to-digital converter and
linear acceleration MMS.

Although the complex micromechanical
transducer (Fig. 12c¢) is similar in structure to the
angular velocity transducer, the information on linear
acceleration is not only used for internal correction, but
is also output to an external consumer.

Thus, it is aready-made mechatronic system capable
of performing certain tasks. Further development
of microsystem technology using the principles
of mechatronics can lead to the creation of highly
intelligent micromechatronic systems: an integrated
circuit will control the entire system, micromechanical
devices will, on the one hand, control and recognize
the processes occurring around them, and, on the
other hand, will become microminiature actuators.
The first samples of micromechatronic robots already
exist [8, 25, 32, 33].

BASICS OF MEMS GYROSCOPE
PRODUCTION TECHNOLOGY

MEMS gyroscope manufacturing can be divided
into 4 main processes:
1) MMS production in capsule version;
2) manufacturing of an integrated circuit that performs
signal processing and control of the MMS;
3) switch board manufacturing;
4) finished product assembly.

The most complex processes in the creation of
MEMS gyroscopes, which involve the fabrication of the
MMS and the control integrated circuit, require special
equipment. However, the largely typical ASIC fabrication
process has already been technologically perfected. Let
us dwell in more detail on the production of encapsulated
MMS [34], whose manufacturing technology is based
on the bulk micromechanics group technology. The deep
plasma-chemical etching of silicon and anodic joining of
silicon and glass wafers is necessary due to the design
requiring a hermetic connection between them. In this
technology, the starting materials are double-sided
polished silicon wafers and glass wafers of the same
diameter.

The glass plate is pre-treated, as a result of which
through-holes for contacts in the lower plate are created
by micro-abrasive processing, and recesses with a depth
of about 50 um are formed in the upper plate. After
that, the upper plate is sprayed with a getter to maintain
vacuum in the inner volume of the MMS.

The silicon wafers, which are also pre-treated, have
a required silicon between 50 and 70 um. Great care
is required when handling these wafers, which are not
industrially produced due to their non-standard size.
Therefore, it is common to use ecither standard silicon
wafers (100—500 um thickness for 100 mm diameter) or
silicon-on-insulator wafers with a 70 pm thick working
layer and 500-um thick silicon backing layer. This
enables the use of standard equipment when processing
silicon.

At the first stage of the production process cycle,
photolithography and deep plasma chemical etching of
silicon are performed on silicon wafers to form bilateral
alignment marks on the wafer. The next step involves
plasma chemical etching of cavities in the silicon. In
this process, silicon oxide is used as a mask, on which
photolithography is followed by etching. Next, plasma
chemical etching of silicon to a depth of 20 pum is
performed. Although the linear dimensions in this
working layer are not critical, it is important to obtain
good uniformity in depth during the etching process.
After removing the silicon oxide from the formed
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structure, the surface is cleaned prior to carrying out
the anodic bonding operation. The last process brings
together the glass plate with the holes and silicon wafer.
At this stage, it is important to control the gas pressure in
the cavity since both low vacuum and high overpressure
can lead to the destruction of the silicon layer during the
subsequent thinning operation.

The essence of the silicon thinning process consist in
the formation of a silicon layer having a total thickness of
70 pm from the initial silicon wafer. The silicon thinning
process is followed by a projection photolithography
operation. In this step, a pattern is formed with the
structure in the silicon layer.

The deep plasma chemical etching operation
following the projection photolithography forms the
majority of the MMS structure. At an etching depth is
50 pm and minimum gap is 2 um, the maximum aspect
ratio is defined as 1 : 25. The quality of MMS functioning
is affected by nonuniformity of etching and deviation of
geometrical dimensions to one side or the other, as well
as inclination and roughness of walls: large deviations
from the set values can lead to significant deterioration
of its characteristics up to rejects.

During the etching process, all the main structures of
the MMS, including moving parts and elastic elements,
are formed. From this point on, any operations that may
damage the structure, including photoresist application
and liquid plate processing, should be excluded from the
technological process.

The next step in the process flow is the anodic
bonding of the top glass wafer to the silicon base. At
this stage, the structure is sealed at the level of the wafer.
At the same time, it is necessary to maintain a given
vacuum level in the MMS volume, which is achieved
by thermal activation of the thin-film getter sprayed on
the glass. In the process of sealing the product by anodic
bonding, two opposite processes occur: the release of
oxygen from the glass and its absorption by the getter at
elevated temperature.

The final operations of the technological process,
which are carried out at the level of the wafer, involve
the creation of external metallization. At this stage, a
thick layer of aluminum is sprayed, which covers the
silicon contact pads at the bottom of the through holes in
the glass, as well as the side walls of these holes with the
metallization output to the glass surface.

The next step is the cutting of wafers into crystals,
which is performed using a disk wafer cutting unit in
two passes. After that, the wafer is transferred to the
functional test. Those chips that successfully pass the
function test are transferred to the following stages for
installation into the housing and further assembly of the
transducer.

When considering such technology, it is important to
note that the processes of anode bonding with preliminary

alignment of the wafers to be bonded (double-sided
alignment) and the process of dry or deep plasma
chemical etching of silicon are processes that cannot
be performed on standard equipment for producing
integrated circuits and/or semiconductor devices. Other
processes can in principle be carried out on standard
equipment with appropriate changes in the modes and
materials used. This applies to chemical processing,
photolithographic processes, vacuum coating processes,
wafer-to-crystal separation, etc. Such a requirement may
be facilitated by the use of glass and silicon wafers with
standard dimensions (thickness and diameter) for the
manufacture of the micromechanical elements.

Manufactured encapsulated MMSs after separation
into separate crystals are checked for resonance
frequencies and goodness of fit in addition to visual
inspection. Here, not only the difference between the
output and input frequencies will be checked, but also the
presence of the necessary vacuum inside the encapsulated
element. Such control permit a considerable reduction
in the labor intensity and increased percentage of yield
of good products at the operations of assembly and
tuning of MEMS gyroscopes. However, it is impossible
to completely exclude poorly working angular velocity
MMSs at the early stages of manufacturing, since for this
purpose it would first be necessary to connect the MMS
to the processing electronics and its tuning, including
mechanical effects in the form of rotations and turns.

The MEMS gyroscope is assembled by
3D-integration of an encapsulated integrated circuit and
encapsulated MMS using a ceramic switching board
into a special ceramic-metal housing. Integration is
performed by sequential mounting of the elements into
the housing followed by their mutual connection with
microwires using the ball-and-wedge method.

The ASIC crystal, switch board, and encapsulated
element are assembled using a conductive adhesive used
in microelectronics. Sealing of the case is carried out by
soldering the ceramic cover to the base of the case. A
tightness check is carried out with the help of helium leak
detector according to the methods and criteria used for
microcircuits in ceramic-metal cases. In order to ensure
that the product operates with the specified technical
characteristics, transducer adjustment and calibration
operations are additionally performed.

MEMS GYROSCOPE MANUFACTURING
EQUIPMENT

The choice in favor of silicon-on-glass or silicon-
on-insulator technologies made in the previous sections
was based, among other things, on the possibility of
using industrial equipment in gyroscope manufacturing
technology. The selected technologies can be
divided into two parts: technologies transferred from
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microelectronics and technologies that are inherent
only in the manufacture of micromechanical devices.
Thus, the equipment providing the corresponding
technological processes is also divided into two groups.
The equipment of the first group was initially produced
by the USSR industrial sector and later by the CIS
countries. However, today this market is dominated
by foreign manufacturers from various countries and
regions.

There is a wide range of options for selecting manual,
semi-automatic or automatic equipment for standard
microelectronics processes such as vacuum deposition,
photolithography operations, chemical treatments,
thermal oxidation, etc. Special attention should be paid
to equipment designed for special processes within the
selected technology of volume micromechanics and
silicon-on-glass technologies. Such processes should
include:

e deep plasma chemical etching of silicon and glass;

e double-sided connection of silicon and glass wafers;

e anode bonding of silicon and glass wafers without

loss of alignment accuracy;

silicon thinning on glass.

A few features of MEMS equipment should be noted
here:

e specialized equipment for micromechanics
operations is high-precision and very expensive and
is produced by manufacturers only to order and for
specific technology and customer requirements;

o the same basic equipment, as a rule, is manufactured
in two modifications. The first is a variant of manual
or semi-automatic equipment designed for research
and development, small batch production or pilot
production. The second modification is an automatic
equipment with loading through cassettes, designed
for manufacturing;

e the equipment is also available in cluster version to
combine with units performing related operations,
i.e., to create a cluster that automatically performs a
whole cycle of operations;

e most manufacturers have recently started to offer
the technology together with the equipment, and all
manufacturers include commissioning and training
in the price [35].

Regardless of the specific features of the
technological process, the main requirement for
equipment for the production of elements and devices
of microelectronics and micromechanics consist in
the possibility to maintain production with the lowest
percentage of defects.

Requirements forthelevel ofintroduced contaminants
and the composition of the residual gas environment
inside the working chamber play an important role
both in microelectronics manufacturing (neighboring
tracks shorting out (Fig. 14a)) and in micromechanics

manufacturing (microparticle blocking
motion (Fig. 14b)). Figure 15 shows the structure of
high technology equipment, where the pumping means
and motion input elements in the vacuum allow us to
create and maintain an ultra-clean vacuum environment.
In addition, they have the ability to protect the process
volume from particles and contaminants created by
other elements of the vacuum system. This is primarily
due to the fact that cryogenic pumping elements have no
moving elements at all, while devices with contactless
magnetic interaction have no rubbing elements. Their
main features and basic properties are presented in
numerous specialized literature [36—41].

(a)

Fig. 14. Trapped microparticles on the product
surface: (a) shorting of neighboring chip tracks;
(b) blocking the movement of micromechanics crests

High-tech equipment

il ™~

Ultra-clean vacuum Devices with )
environment noncgntact magnetlc
interaction
Magnetic
Cryogenic feedthroughs
pumping elements for translational
and rotational motion

Fig. 15. Structure of environmentally friendly high-tech
equipment

DETERMINATION OF PARAMETERS
IN THE MANUFACTURING
OF MEMS GYROSCOPES

The functional purpose of MEMS angular
velocity detection (MEMS gyroscopes) is to convert
non-electrical physical quantities (angular velocity) into
an electrical measuring signal containing quantitative
information about the influencing angular velocity.

The main parameters determining the functional
purpose and application area are as follows:

e angular velocity measuring range;
e resolving power;
o scaling factor nonlinearity.

The main technical characteristic of the MEMS

gyroscope is the output (conversion) characteristic, i.e.,
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the dependence of the output signal on the values of the
determined angular velocities within the measurement
range. The output characteristic used in the transducer
channel of the MEMS gyroscope is an information
channel that provides the generation of information
about the angular velocity projections on the sensitivity
axes of the AVS and transmission of this information
to the consumer in accordance with the information
exchange protocol.

Therefore, it is necessary to take into account the
errors in the output characteristics of MEMS gyroscopes
that may occur during their manufacture. The errors are
divided into two categories: basic errors and additional
errors. Basic errors are determined under normal
conditions, i.e., in the absence of external influencing
factors. These include nonlinearity and instability of
output characteristics. The instability of the output
characteristic includes the zero offset instability and the
instability of the scale factor of the MEMS gyroscope.

Additional errors occur under the influence
of external factors such as ambient temperature,
mechanical effects, etc. Since MEMS gyroscope MMSs
are a complex three-layer structure and have temperature
dependence of their parameters, the temperature error
of the output characteristic has the greatest influence.
This is primarily due to the fact that the measuring gaps
in silicon capacitors have values of 2—3 um, while the
recorded minimum displacements have values less than
a nanometer. At such small values and micromechanical
structural complexity, even the use of differential
measurement methods cannot exclude the influence of
temperature [42, 43].

In general, it is not only the micromechanical
element that is temperature dependent, but also the
electronics processing the signal from capacitive sensors
and controlling the gyroscope operation. Therefore, it is
necessary to adjust and calibrate the MEMS gyroscope.

MEMS gyroscope tuning, which is necessary for
obtaining stable output parameters, consists in setting
and stabilization operations within the temperature
range of the bandwidth and scaling factor of the MEMS
gyroscope. In addition, the temperature drift of the zero
offset must be determined and compensated.

The setting operations are carried out in a climate
chamber on a rotary stand. The climate chamber is used
to set the temperature according to the requirements,
while the stand automatically works out the specified set
of angular velocities to determine the scaling factors. A
temperature sensor built into the MEMS gyroscope is
used to measure the temperature.

The result of tuning consists in the dependencies of
coefficients responsible for bandwidth and scaling factor
on the readings of the built-in temperature sensor. These
dependencies, which are presented in tabular (matrix)
form, are used by the control program in the piecewise

linear approximation algorithm, which calculates
the coefficient values for any reading of the built-in
temperature sensor.

After the temperature dependence of the coefficients
is added to the control program, the temperature drift of
the zero offset is determined.

MEMS gyroscope tuning, which invariably precedes
calibration, is intended to ensure its operability in the
range of operating temperatures and angular velocities.
As a result, the MEMS gyroscope can be guaranteed to
have technical parameters close to the required ones.
Final adjustment of parameters is carried out during
calibration.

MEMS gyroscope calibration is performed
to determine the output -characteristics of the
angular velocity transducer channels under normal
conditions (basic errors) and under the influence of
external factors (additional errors). Accurate calibration
over the entire temperature range is typically performed
during the final setup and calibration of the inertial
measurement unit (IMU) into which the MEMS
gyroscopes are installed. Since the IMU controller is
usually much more powerful than the integrated circuit
of the sensor’s control electronics, it algorithmically
compensates for all errors of the MEMS gyroscopes and
the IMU.

ALGORITHMIC COMPENSATION
OF THE MEMS GYROSCOPE ERRORS

Compensation of sensor errors for normal conditions
and for each of the operating range temperatures at
which the calibration is performed is performed in the
IMU controller using a special control program that uses
the error compensation algorithms determined during
the calibration. These algorithms are based on the use
of temperature dependencies of MEMS gyroscope
characteristics, which are formalized in the form of
tables obtained during the calibration process.

The final version of the sensor characteristics
table is obtained by simulation and control of these
characteristics in a special program while checking
the IMU output characteristics. Modeling is performed
using the files recorded during calibration and additional
measurements performed following calibration. On the
basis of the obtained physical values from the unit output
data and their errors during modeling, a conclusion
is drawn about fulfillment or non-fulfillment of the
requirements to the final IMU parameters.

Compensation of nonlinearity, instability, and
asymmetry of the output characteristics of the AVS
is carried out using the calibration characteristics
determined during calibration in the climatic chamber
in the range of operating temperatures of the IMU and
across the whole range of angular velocity measurement
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from +0.01°/s to the maximum value according to the
documentation.

The output characteristics of the AVS after
calibration in the climatic chamber are presented as a
piecewise linear approximation of the real dependence
of the output signal on the set value of the angular
velocity for the formed temperature range set in the
climatic chamber.

As a result of implementation of the above
algorithms, nonlinearity, instability, and asymmetry are
removed from the output signal of the AVS. Thus, the
scaling factor and zero offset are made identical at all
temperatures and at all angular velocities in the operating
range [44-48].

Now let us consider the compensation of errors of
MEMS gyroscopes caused by vibration. When the MMS
is mounted on a vibrating base, inertial forces caused by
vibration acceleration act on the moving masses.

MMS has increased output signal noise due to the
sensitivity of gyroscopes to linear overload due to finite
suspension stiffness in the in-phase direction of motion
of the moving masses and technological asymmetry
of the suspension. In case of asymmetric sensitivity of
gyroscopes to linear acceleration in case of vibration,
parasitic offset of their zero signal can be formed.
Nonlinearity of sensitivity to linear acceleration under
the action of constant acceleration (measured or free fall
acceleration) leads to the appearance of asymmetry of
sensitivity to superimposed variable acceleration and,
accordingly, to the constant zero offset of gyroscopes.

Additional compensation of residual errors is
performed algorithmically. The influence of MMS
sensitivity to linear acceleration is reduced by calibrating
them taking into account the effective gravitational
acceleration 1g and introducing correction factors with
reference to external accelerometers.

PROMISING DIRECTIONS
OF THE MEMS GYROSCOPE DEVELOPMENT

In addition to the positive qualities of MEMS
gyroscopes, such as their low cost and small overall
dimensions, there are also negative aspects. This type
of transducer is characterized by the high instability
of parameters from start to start. Zero offset of MEMS
gyroscope can reach values of about 70°/h. These features,
which are inherent both to Russian and foreign samples,
require periodic testing and recalibration, including the
possibility of self-calibration of channels during operation.
All this limits the possibility of using MEMS gyroscopes
in special-purpose equipment requiring high accuracy.
Moreover, their use in the equipment of other classes can
lead to complications and increased final costs.

The accuracy and stability of MEMS gyroscope
parameters depend on how the detection of MMS

micro-movements is performed. Capacitive data
acquisition is most often used, i.e., the capacitance
between fixed and moving parts (electrodes) of the MMS
designed for this purpose changes during movement.
In this case, there is a mutual influence of control and
detection circuits of the useful signal of the sensor.

Theaccuracy of MEMS gyroscope output parameters
is also significantly affected by the signal-to-noise ratio.
Attempts to eliminate this problem by improving the
MMS design lead to contradictions. To increase the
noise immunity of the MMS, it is necessary to increase
the initial capacitance. This leads to an increase in the
area of the electrodes and a decrease in the gap between
them, which results in increased damping of the moving
parts. In order to compensate for this, it is necessary to
perforate the silicon structure of the MMS, which in
turn leads to a decrease in the area of the electrodes and
consequent decrease in the initial capacitance.

Improved MMS parameters can be achieved with the
use of optical technologies to detect micro-movements.
The combined use of MEMS and microoptics can lead
to synergistic effects that can solve many problems.
For example, a microoptoelectromechanical (MOEM)
transducer is a miniaturized device that performs
measurement and subsequent processing of an optical
signal when inertial mass movements occur.

Recently, the optical tunneling effect has been
increasingly used in measuring devices for data
acquisition. This effect is based on the process according
to which light penetrates from an optically denser
medium into an optically less dense medium under
the condition of complete internal reflection from the
interface. In this case, the electromagnetic field appearing
in the optically less dense medium exponentially decays
along the normal to the interface at a distance equal to
the wavelength of the radiation source. Devices based
on the optical tunnel effect have high resolution, low
temperature error, and high noise immunity [49-53].

The principle of operation of the primary transducer
made of fused quartz is based on the dependence of the
light reflection coefficient of the medium-gap-medium
structure on the gap size [54]. The angle of incidence
of light on the boundary between the first medium and
the gap (air) is chosen such that there is a complete
internal reflection at a large gap value. If the gap value
is comparable to the wavelength of radiation, its part
passes (tunnels) through the gap into the second medium
to decrease the reflection coefficient of the medium-gap-
medium structure. Thus, the power of optical radiation
reflected from the medium-gap-medium structure carries
information about the size of the gap and, accordingly,
about the nature of the object motion.

Figure 16 shows the schematic diagram of the MOEM
displacement detector. The main PE of this device is
a thin plate of quartz glass on which a kind of beam is
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cut with the help of a laser. A laser beam is directed to
the end of this plate, which spreads along the plate and
transfers part of its energy to photodetectors installed at
some small distance from the top and bottom of the plate.
Under the action of external forces, the beam bends and
some difference appears between the values of energy
transmitted to the photodetectors as the distance to the
sensors begins to differ (Fig. 17). This difference is what
is used to determine the displacement of the beam [55].

Fig. 16. Basic circuit of the MOEM detector:
(7) photodetector F;; (2) housing cover;
(3) quartz plate (CE); (4) enclosure base;

(6) photodetector F,; (6) laser source [55]

<

Fig. 17. Readings from the CE of the detector [55]

Technologies currently being developed involving
optical processors include those aimed at optical or
photonic computers, hypothetical computing devices in
which calculations are performed by photons emitted by
lasers or light-emitting diodes. Most current research
is aimed at replacing traditional (electronic) computer
components with their optical equivalents. Importantly,
the frequency of a light wave is several orders of
magnitude higher than the frequency of electrical signals
and waves used in silicon technology. Due to the small
wavelength of the light wave, it is possible to process
information at increased speeds.

In most works on optical computing [56-61], the
translation of information into an optical signal is required
to start processing. In the design of the MOEM detector
presented above (Fig. 16), there are two photodetectors
for information acquisition and conversion into an

electrical signal. If the laser radiation is directly sent
to the optical signal receiver of the photonic calculator,
the information about the CE oscillations before the
processing is not transformed in any way, thus obviating
the risk of distortions, which is important for special-
purpose equipment.

The use of segmentoelectrics and segmentoelectric
films is becoming increasingly popular in
microelectronics devices, sensors, actuators, etc. Much
attention is paid to the application of segmentoelectric
structures in MEMS [62—66].

A segnetoelectric device is a crystalline dielectric
having two or more stable (or unstable) states with
different non-zero electric polarization at zero external
influence (electric field, temperature, etc.), which is
termed spontaneous polarization [67].

Theuse of segnetoelectric films in MEMS gyroscopes
for motion detection has a number of advantages over
classical strain-resistive and capacitive methods in terms
of qualitatively expanding the capabilities of sensors.
The threshold sensitivity of dynamic strain sensors based
on segmentoelectric films decreases to (Al/l) =~ 107°. The
use of such devices promises to increase the sensitivity
of sensors by up to two orders of magnitude as compared
to existing analogs. Such generator-type sensors offer
long-term stability and do not require a source of
stabilized voltage.

The creation of such sensors is associated with the
solution of certain technological problems. The first
one consists in a combination of the technology used to
create segmentoelectric films with that used for creating
silicon mechanical structures. To solve the second
problem, it is necessary to develop methods for creating
a stable polarized state in the film [63, 68].

CONCLUSIONS

The ever-increasing demand for the production of
MEMS gyroscopes and other MMSs contributes to the
rapid development of microsystems technology. The entire
process of creating a particular product requires constant
management, not only in terms of design development,
where all input elements must be precisely calculated, but
also in when it comes to tuning and calibration.

An important factor in the production of such devices
is the competent organization of the technological
process of CE creation, which includes the operations
themselves, as well as the selection and operation of
special vacuum equipment.

In spite of all the discussed difficulties, novel types
of MEMS gyroscopes operating on new principles are
constantly appearing. This requires the development of
progressive technologies for their production, as well
as new specialized equipment and methods for their
adjustment.
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