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Dear Readers,

Welcome to the Journal Special Issue “MEMS
Technologies — Theory and Practice”. This Special
Issue is devoted to the publication of papers which
correspond to the theoretical basics and practical
implementations of Microelectromechanical sys-
tems (MEMS). The topic is especially important
nowadays because of the strong interest from the
side of specialists involved to the wireless system
microelectronics design. This technique is very
perspective in many applications because allows
the designers to realize a wide spectrum of devices,
such as sensors, switches, actuators, with micro-
and nano scale sizes. Some of these applications are considered in the Journal Special Issue. The papers
cover the following directions: MEMS computer simulations, MEMS encapsulation technologies, appli-
cations of MEMS in wireless IT systems and in medicine, including remote monitoring systems.

The content of the Special Issue includes the results obtained by Colleagues from Peter the Great
St. Petersburg Polytechnic University, Southern Federal University, S.I. Vavilov State Optical Institute,
Concern Electropribor, which is demonstrated the distribution of the research groups by region.

As a conclusion, on behalf of Editorial board and Invited Editors — Prof. Dr. D.A. Indeytsev and Dr.
V.V. Loboda — I would like to thank all authors for their valuable efforts in supporting this Special Issue.
Please, read the papers!

With kind regards,
Prof. Dr. Alexander S. Korotkov
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DIGITAL MEMS MICROPHONES FOR REMOTE
MONITORING SYSTEM BASED ON SOUND ANALYSIS

D.O. Budanov, D.V. Morozov, M.M. Pilipko

Peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russian Federation

Sounds emitted by mechanisms and organisms contain information that can be used to
diagnose the current state of an object and make predictions. There are known examples of the
use of sound for diagnostics of pipelines, composite materials, industrial equipment. In most
cases, devices with one sensor and limited functionality are used for this purpose, requiring
a specialist to be in close proximity to the object under analysis. The system includes a set of
digital microelectromechanical (MEMS) microphones, information from which is transmitted
via Bluetooth to the mobile device. The system in a round-the-clock mode quickly registers
changes in the spectrum of the sound signaland indicates possible malfunctions, damage to
equipment and materials, etc. This allows preventing irreversible consequences. In this system,
it is expedient to use digital MEMS microphones due to their low power consumption and low
sensitivity to environmental influences, which is an important factor when deploying a remote
monitoring system of industrial equipment.

Keywords: MEMS, digital microphone, piezoelectric microphone, capacitive microphone,
Bluetooth, Bluetooth Low Energy, sound analysis.

Citation: Budanov D.O., Morozov D.V., Pilipko M.M. Digital MEMS microphones for remote
monitoring system based on sound analysis. Computing, Telecommunications and Control,
2021, Vol. 14, No. 2, Pp. 8—15. DOI: 10.18721/JCST-CS.14201

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/
licenses/by-nc/4.0/).

LUDPOBBIE MODMC-MUKPODOHDI
ana CUCTEMbl AJUCTAHUUOHHOTIO MOHUTOPUHTA
HA OCHOBE AHAJIU3A 3BYKA

A.0. bydano8, [.B. Mopo3oB, M.M. lMununko

CaHKT-MNeTepbyprcknii NoAMTEXHUYECKUA yHMUBEPCUTET lMNeTpa Beawnkoro,
CaHkT-NeTepbypr, Poccuiickaa Pepepaums

3ByKM, M3IaBacMble MEXaHM3MaMM M OpraHM3MaMu, COAECpXaT MHOOpPMAaIMI0, KOTOPYIO
MOXKHO MCIIOJIb30BaTh ISl AMarHOCTUKU TEKYIIETO COCTOSIHUS 00beKTa U IIPOrHo3a Ha Oyjyliee.
W3BecTHBI TpUMeEpHl UCITOJBb30BaHUS 3ByKa JIJIsI TMAarHOCTUKU TPYOOIPOBOIOB, KOMITO3UTHBIX
MaTepuagoB, MIPOMBILIJIEHHOTO 000pya0BaHus. B OOIbIIMHCTBE CilydyaeB TS 9TOW Leau TpuMe-
HSTIOTCSI YCTPOMCTBA ¢ OMHUM JATYUKOM M OTPaHNYCHHBIM (DYHKIIMOHAIOM, TPEOYIOIINEe HaX0X-
JeHUsI CIeLMalINCTa B HEIMOCPEACTBEHHOM OJIIM30CTU K ucciaeayeMoMy oobekTy. [lpennaraercs
cucTeMa IJIs AMCTaHIIMOHHOIO MOHUTOPHUHTIA, BKJIIOYaolias B cedst Habop JaTYMKOB-MUKPOGO-
HOB, MH(OpPMAaIIMS ¢ KOTOPBIX NepeaaeTcs nocpeacTsoM Bluetooth Ha MOOUIBHOE YCTPOMCTBO.
CucrtemMa B KpYIJIOCYyTOYHOM PEXMME OMEePaTUBHO PETUCTPUPYET M3MEHEHMS B CITIEKTPE 3BYKO-
BOTO CUTHAJIa, CBUIETEIBCTBYIOIINE O BO3MOXHBIX HEMCITPABHOCTSIX, ITOBPEXKICHUN 000PpyI0Ba-
HUS ¥ MaTepHaIoB U T. I., YTO MO3BOJISIET MIPEIyIIPEANTh HeoOpaTUMBIe TTOCIIeACTBUS. B manHo#
CHCTeME LieJIeco00pa3Ho NpUMeHTh LHudpoBbie MOMC-MUKPODOHBI BCAEACTBUE UX HU3KOTO



4 D.O. Budanov, D.V. Morozov, M.M. Pilipko, DOI: 10.18721/JCSTCS.14201>

SHEPromOTPEONCHNSI M HU3KOIM YYBCTBUTEIBHOCTU K BO3IACHUCTBUIO OKPYXKAIOIIEH Cpedbl, 4TO
SIBJISIETCS] BaXKHBIM (haKTOPOM IIPU pa3BepPThIBAHUM CUCTEMbl NTUCTAHIIMOHHOIO MOHUTOPUHTA
MIPOMBIIIIEHHOTO 000pYI0BaHUSI.

Kmouessie cioBa: MOMC, nudpoBoit MUKpOGhOH, TThe303IEKTPUICCKIIT MUKPO(DOH, EMKOCT-
Hoii MukpodoH, Bluetooth, Bluetooth Low Energy, ananu3 3Byka.

Ccpuika npu mutupoBanun: Budanov D.O., Morozov D.V., Pilipko M.M. Digital MEMS micro-
phones for remote monitoring system based on sound analysis // Computing, Telecommunica-
tions and Control. 2021. Vol. 14. No. 2. Pp. 8—15. DOI: 10.18721/JCSTCS.14201

CraThsl OTKPBITOIO A0CTYIIA, pacnipocTpaHsemas no JuueH3uu CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

Introduction

Microelectromechanical systems(MEMS) consist of both microelectronic and micromechanical
components. MEMS devices are usually implemented on a silicon substrate. There are two basic types
of such devices. Ohmic devices are controlled by electrostatically controlled cantilevers. Capacitive
MEMS are developed using a moving plate or a sensing element, which changes the capacitance. There
is a wide range of devices that can be implemented using MEMS. They are accelerometers, pressure
sensors, thermoelectric generators [1], microphones [2], etc. Using MEMS versions of such devices
allows decreasing the device size and power consumption. In some cases, it also leads to reduction in the
influence of temperature, vibration and so on.

The important research field is design of high sensitivity digital MEMS microphones for various
consumer and industrial electronic applications. They are automobiles, telephones, hearing aids, mo-
bile phones, tablet PCs and personal audio systems [2]. Advantages of such microphones are small size,
low cost and easy integration with CMOS circuits: the MEMS microphone and its signal processing
integrated circuit can be monolithically integrated on a single chip [2]. Also, MEMS microphones have
less sensitivity to temperature, vibrations, and mechanical shocks [3]. Therefore, it is preferable to use
such type of microphones in remote monitoring systems that carry out surveillance on the object or en-
vironment state based on the sound analysis, especially, if such a system works in aharsh environment,
for example, an industrial one.

The purpose of the review is to inform the reader with the MEMS microphonesoperation principles,
the protocols used for data transmission, the Bluetooth Low Energy (BLE) specification and the archi-
tecture of the remote monitoring system based on sound analysis.

Types of MEMS microphones

A microphone is an acoustic-mechanical-electrical sensor that converts acoustical signal into electri-
cal one that can be further processed. The analog electrical signal is converted into the digital form by the
analog-to-digital converter (ADC) [4, 5]. Then the digital code from the ADC output is converted accord-
ing to the protocol (I2S, SPI, etc.) used. After that by the given protocol the data is passed to the further
digital devices for processing.

MEMS microphones are widely used in mobile applications such as smartphones, laptops, hearing
aids, digital assistants, etc. due to their smaller sizes, higher signal to noise ratio and lower power consump-
tion in comparison with traditional electret condenser microphones [6]. Also, as was said before, MEMS
microphones have less sensitivity to the environment impacts. Thus, such kind of microphones can be
used in remote monitoring systems for industrial applications.

Generally, three types of MEMS microphones are piezoelectric and capacitive [2, 7]. Capacitive
MEMS microphones show high sensitivity and CMOS compatibility, while maintaining low power con-
sumption [2] and remain the mainstream sensing technology for commercial products [7]. Such kind
of microphones usually consists of a diaphragm, a back plate and an air gap. The principle is change in
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voltage by changing in capacitance. The diaphragm is vibrated due to acoustic pressure applied over it.
This leads diaphragm and back plate behave as a capacitor [8]. Biased with a DC voltage, the capacitance
change is converted into an electrical signal [2]. Capacitive MEMS microphones allow to improve mini-
aturization, integration and cost of the acoustic systems by leveraging the MEMS technology [2]. The
performance of such kind of microphones can be increased by implementing the special design of the
diaphragm and the back plate [7]. However, the structure of the capacitive sensing microphone is fragile to
water vapor or dust [7]. This makes an additional water/dustproof packaging needed for such microphone
when using in the harsh environment. The requirement of such special packaging leads to increasing the
microphone cost. On the other hand, the piezoelectric sensing microphone could tolerate the influence
of harsh environment [7] and has more robust mechanical structure with no air gap [9]. The piezoelectric
sensing is performed by converting mechanical stress into electrical charge[10]. In such microphone the
sensitivity is based on the properties of piezoelectric elements [11]. Piezoelectric MEMS microphones
are extensively studied to improve acoustic performance [7]. Many approaches such as structure design,
material usage, stress distribution, etc. have been proposed to improve performance of the piezoelectric
microphone [7]. However, the enhancement of the piezoelectric film stress induced by the sound pressure
and the air leakage from gaps between the diaphragm remain design concerns [7].

MEMS microphones can also be divided into two types: omnidirectional and unidirectional [6]. The
omnidirectional microphonegenerates an electrical response from acoustic energy arriving from all di-
rections around the device. Most of these microphones are capacitive ones [6]. The unidirectional mi-
crophone has its strongest output when acoustical energy arrives along a single axis vertical through or
parallel with the surface of a vibrational membrane [6]. Both types of microphones can be used in a remote
monitoring system for sound capturing. Omnidirectional microphones are applied when the system have
to seize surrounding sounds, for example, from the nearby devices or equipment. Unidirectional micro-
phones are used for surveillance over the specified equipment among others or over the specified part/
location of the given equipment.

Communication protocols

After analog-to-digital conversion of the microphone output signal has been completed, the digital
signal has to be formed from the ADC output bits according to the interface protocolused. This interface
can be integrated with a MEMS microphone if CMOS-compatible technology is used.The high-speed
protocol is needed for audio data transferring. There are several protocols or standards, such as SPI and
1285, that satisfy requirements for audio data transferring.

Serial Peripheral Interface (SPI) is a synchronous serial communication interface specification [12].
Devices can communicate over SPI in full duplex mode. The architecture with a single master and mul-
tiple slave devices is used. The master device generates the frame for reading and writing. Also, the master
device selects a slave devicefor data transferring by activating the chip select signal on the latter. Slave de-
vices not selected by the master do not participate in the data transferring. The SPI bus has four logic lines:

* SCLK or SCK — serial clock transferring from master to slave devices;

* MISO — Master In, Slave Out — data output from slave device;

* MOSI — Master Out, Slave In — data output from master device;

* SS or CS — Slave Select or Chip Select — this signal is set by the master device.

The SCLK clock signal generated by the master device sets the clock rate in the bus. Slave devices use
this clock signal to determine when the data bits in the bus change.

Data transferring is carried out in packets. Usually, the packet length is 1 byte (8 bits). However, SPI
implementations with various packet length are known. The master device initiates data transferring by
setting the SS pin of the slave device to be connected to logic low. Data are transferred from the master to
slave over the MOSI line and from the slave to master over the MISO line. After each data packet transfer
the master device can set the SS line to the logic high for synchronization.

10
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Inter-1C Sound (I12S) is a serial interface standard used for connecting digital audio devices [13]. The
12S bus has three lines:

* SCK or BCLK — continuous serial clock or bit clock;

* WS — word select or word clock line;

» SD — serial data.

The master device generates both SCK and WS clock signals. Slave devices will usually derive its inter-
nal clock signal from the external clock input.

Since the transmitter and receiver have the same clock signal for data transferring, the transmitter as the
master has to generate the SCK signal, WS signal and data. In complex systems, there may be several trans-
mitters and receivers, which makes it difficult to determine the master. In such systems, there is usually a
system master controlling digital audio data-flow between the various devices. In this case, transmitters
have to generate data under the control of an external clock, and thus act as a slave device [13].

Some digital MEMS microphones support only the pulse-density modulated (PDM) output [14, 15].
To communicate with these microphones SPI and 12S interfaces can be used. Usually, a PDM micro-
phone has three lines:

* LR — left/right channel selection (input pin);

* CLK — input synchronization clock signal;

* DOUT — left/right PDM data output.

The LR pin is used to seize the stereo signal from two microphones. This pin can be connected to Vdd
or GND bus to operate in the mono mode.

The PDM data can be further received and processed by the microcontroller unitusing its available in-
terfaces, such as SPI, 12S or SAI (Serial Audio Interface) [14]. Then, this data can be transferred via wired
or wireless (Wi-Fi, Bluetooth, etc.) communication channel.

Bluetooth Low Energy

Bluetooth Low Energy (BLE, also known as Bluetooth Smart) started as part of the Blue-
tooth 4.0 Core Specification [16]. Both Bluetooth Classic and Bluetooth Low Energy operate in the
2400—2483.5 MHz frequency range within the ISM 2.4 GHz frequency band. The data exchange in
Bluetooth Classic happens over one of the 79 designated channels, while in Bluetooth Low Energy the
number of designated channels is 40 [17]. The BLE power consumption is from 0.01 to 0.5 Wand 1 W
for Bluetooth Classic. The physical data rate of Bluetooth Low Energy is 1 Mbit/s, while for Bluetooth
Classic this parameter can be up to three times greater reaching 1—3 Mbit/s. However, the latency of
BLE is at least 10 times smaller in comparison with a classic Bluetooth, and is 6 ms and 100 ms respec-
tively. The theoretical Bluetooth Low Energy working range is more than 100 meters. The minimum
total time required to send data in BLE is 33 times less than that in Bluetooth Classic amounting to 3 ms
and 100 ms respectively. Point-to-point and star network topologies are usually used in Bluetooth Low
Energy, while piconet, scatternet and point-to-point topologies can be deployed in Bluetooth Classic
[17]. A device in a BLE network can be a server or a client. The server is a peripheral device that trans-
mits data from sensors or receives commands to manage devices connected to BLE module or transmits
data to these devices. The client is a device that receives data from sensors or sends commands to man-
age devices connected to BLE module. Bluetooth Low Energy is commonly used for interacting with a
wide set of sensors due to its low power consumption. However, there is no standard way of transmitting
voice over BLE, consequentlya custom profile must be used [18].

System architecture

The architecture of the remote monitoring system based on sound analysis is presented in Fig. 1. It
can be used for diagnostics of expensive industrial equipment and unique laboratory and research facil-
ities. The system includes a set of digital MEMS microphones, information from which is transmitted
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Fig. 1. Remote monitoring system based on sound analysis

via Bluetooth Classic or Bluetooth Low Energy to the mobile device. The microphones could be omni-
directional or unidirectional depending on the equipment being monitored. The use of Bluetooth allows
reducing power consumption of sensors and, as a consequence, increasingthe battery life.

The received information is pre-processed by the mobile device and, if necessary, can be transmit-
ted for additional analysis by a specialist using a personal computer. The system in the round-the-clock
mode promptly registers changes in the spectrum of the sound signal, which indicate possible malfunc-
tions, damage of equipment or materials, the presence of anomalies in the state of human internal organs,
which allows preventing irreversible consequences. The system can be expanded to handle non-acoustic
parameters of objects or the environment, such as temperature, humidity, dust, pressure, etc. This will
allow obtaining a larger amount of data on the state of the facility and/or the environment for more com-
prehensive and detailed monitoring, as well as controlling parameters that are important for maintaining
the operability of a particular facility.

Conclusion

The architecture of the remote monitoring system has been proposed based on sound analysis, which
controls acoustic parameters of an object or an environment using sensors based on MEMS micro-
phones. The future work is to create a prototype of this system using digital MEMS microphones, data
from which are transmitted in the real time to a mobile device via Bluetooth Low Energy. A mobile
application for preliminary intellectual processing of data received from microphones is going to be
developed. Analysis of audio signals received from microphones for the presence of anomalies can be
performed by using machine learning methods, for example, a neural network with an appropriate ar-
chitecture.
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Today one of the key triggers of the development of research and development in the field
of electronics, radio-frequency components, and systems, system integration and design, as well
as information and communication technologies are such data network concepts as the Internet
of Things, Internet of Everything, Tactical Internet and the most important among them is 5G
— the 5™ generation of mobile radio communications. This article presents a vision for the use
of devices manufactured using microelectromechanical systems technology, namely passive
radio-frequency microelectromechanical devices and systems in synergy with energy-harvesting
microelectromechanical devices and systems in such new structural paradigms. The authors
present their results on the development, manufacture and research of experimental samples of
radio-frequency microelectromechanical switches that can meet the growing need for cutting-
edge performance for currently deployed 5G NR FR1 (below 6 GHz) mobile networks or high-
performance applications.
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NMPUMEHEHUE P4 MODMC-TEXHOJIOINU
B COBPEMEHHbIX BECIMPOBO/HbIX CUCTEMAX:
NMOTEHUMUAJ, KOTOPbIU ELLLE MOJIHOCTbIO HE PACKPbLIT

U.E. JlviceHko, A.B. TkayeHKO

HOxKHbIV depepasbHbI YHUBEPCUTET,
r. PoctoB-Ha-[loHy, Poccuitickas ®Pepepaumn

Ha ceromHsmmHuii 1eHb OMHUM W3 KJIOUEBBIX APaiiBepoB (TPUTTEPOB) Pa3BUTUS HaydIHO-
HCCJIEIOBATEIbCKUX U OITBITHO-KOHCTPYKTOPCKUX Pa3pabOTOK B 00JIACTH JIEKTPOHUKM, PATIO-
YaCTOTHBIX KOMITOHEHTOB U CUCTEM, CUCTEMHO# MHTETrpalliyd M MPOSKTUPOBAHMS, a TAKKE MH-
(opMaLIMOHHO-KOMMYHUKALIMOHHBIX TEXHOJOTHUI SIBJISIOTCS TaKUe KOHLEMIUY CETU IIepeaadn
naHHbIX, Kak MHTepHeT Benieit, MntepHet Beero, TakTunbHbIM MHTEpHET 1 HanboJ1ee BasKHbIN
cpean HUX — 5G — msTO€e MOKOJIEHEe MOOMIILHOM paguocBs3u. B craThe nmpeacTaBieHO BUACHUE
WCITOJIB30BAHMST YCTPOMCTB, M3TOTOBJICHHBIX C TIPUMEHEHUEM TEXHOJOTMU MHUKPO3JIECKTPOME-
XaHWYCCKUX CHCTEM: TTACCUBHBIX PagMOYaCTOTHBIX MUKPO3JEKTPOMEXaHMICCKUX YCTPOMCTB U
CHCTEM B CUHEPIUM C SHEProcOOUPAIOIIMMU MUKPOIIEKTPOMEXaHNYECKUMU YCTPOMCTBAMU U
CHCTeMaMM B HOBBIX CTPYKTYPHBIX Mapagurmax. [IpeacraBieHbl pe3yibTaThl pa3pabOTKU, U3T0-
TOBJICHUSI M UCCIICAOBAHUS SKCIIEPUMEHTAIbHBIX 00Pa310B Paaru04acTOTHBIX MUKPOIJIEKTPOME-
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XaHUYECKHUX IIepeKIIodaTesieii, ClIOCOOHbIE YIOBIECTBOPUTD PACTYIIYIO ITIOTPEOHOCTh B YJIBTPACO-
BPEMEHHOI IPOM3BOAUTEILHOCTHU AJIsl pa3BePThIBAEMbIX B HACTOSIIIIEE BPeMSI MOOUJIbHBIX CETei
5G NR FRI1 (menee 6 I'Tix) wim BBICOKONPOU3BOANUTEIBHBIX TTPUIOKEHUIA.

Kmouessie cioa: MOMC, P4 MOMC, BC MBMC, MUKPO3JIEKTPOMEXaHNICCKIE CUCTEMEI,
pamroYacTOTHbIE, SHEProcodMpalolle, COBpeMeHHbIe OECIIPOBOIHbIE CUCTEMBI.

Ccouika npu mutupoBanun: Lysenko 1.E., Tkachenko A.V. Application of the RF MEMS technology
in modern wireless systems: A potential that has not yet been fully realized // Computing, Tele-
communications and Control. 2021. Vol. 14. No. 2. Pp. 16—28. DOI: 10.18721/JCSTCS.14202

CraThsl OTKPBITOIO A0CTYIIA, pacnipocTpaHsemas no JuueH3uu CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

Introduction

In 1835, Joseph Henry invented the first electromechanical device, called a “switch” or “relay”. It
consisted of a bulky electromagnet that activated an armature capable of making physical contact between
the two electrodes. The clock frequency was limited to tens of hertz.

In 1979, Petersen developed the first micromechanical membrane switches, which were said to fill a
niche or fill a gap between conventional silicon transistors with mechanical and electromagnetic relays.
This was the starting point that opened the way to microelectromechanical systems (MEMS). The key
idea, an original concept at the time, was to combine the capabilities of silicon-based micro-manufac-
turing with a mechanical relay approach. The proposed MEMS based switch used an electrostatic force
applied between a layer of p-doped silicon and a membrane made of a bimetallic material (SiO, content
and Au) to set in motion a movable suspended structure and establish electrical contact.

In the 1990s, the electrical and microwave community contributed to the emergence of a new class of
devices: microrelays capable of processing analog, radio-frequency (RF), and microwave signals.

In 1990, Halg introduced the first integrated microelectromechanical non-volatile memory cell. In
1991, Larson et al. [1] demonstrated the microwave rotary switch of the transmission line. Measure-
ments made up to 45 GHz were already impressed with insertion loss below —0.5 dB and isolation above
—35 dB. In 1995, Goldsmith et al. [2] introduced what was to become one of the most well-known
membrane configurations for RF microelectromechanical system switches with capacitive contact.
Then came the era of RF MEMS [3].

The presented article consists of two parts. The first and main part gives a brief overview of the place of
RF MEMS devices in consolidation with the technology of energy-harvesting MEMS devices, and how
these technical solutions can contribute to miniaturization, reduce energy consumption, expand possi-
ble connections and their efficiency, pursued by the currently developing paradigms of the 5G mobile
network, the Internet of Things, the Internet of Everything and the Tactile Internet. The second part of
the article presents a brief description of the current research results carried out by this team of authors,
the main purpose of which is to develop, manufacture and study experimental samples of single-pole sin-
gle-throw RF MEMS switches suitable for use in RF transceiver modules of 5G mobile networks in the
frequency band NR FRI1.

Principles of operation

RF MEMS systems concentrated passive components that implement functions of varying complexity
designed to generate and/or redirect one or more RF signals in the circuits and subsystems of wireless
transceivers (transmitters/receivers). In RF MEMS, the ability to reconfigure the conditioning function
operating on RF signals is always provided by the physical movement and mechanical deformation of the
micromembranes, i.e., the fundamental characteristic of sensors and actuators based on MEMS. Given
this context, whatever the complexity of the network-controlled air conditioning function in RF MEMS
technology is, the main element is the switch (or relay). As with traditional electromechanical relays, RF
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MEMS switches are equipped with a metal (or more generally conductive) flexible membrane that, when
properly deformed, closes the electrical contact between the input and output ends, allowing the RF sig-
nal to pass through the relay and change its state from open to closed. On the other hand, unlike classical
devices, RF MEMS switches are highly miniaturized, and the dimensions in the plane can reach several
tens of microns, and the thickness (out-of-plane size) is only a few microns (or from 50 pm to 100 um, also
considering the silicon substrate). The most common actuation strategy for controlling the movement of a
moving contact, and therefore for controlling the state transition between open and closed, is electrostatic
displacement. Voltage (i.e. displacement) is superimposed on the floating part and the fixed actuation
electrode, and the force of displacement brings the first electrode into physical contact with the input and
output branches, thereby closing them and closing the relay.

However, in addition to the electrostatic force [4, 5], other actuation mechanisms are possible, such
as thermoelectric [6], piezoelectric [7] and electromagnetic [8]. In addition, depending on the specific
deployment and configuration of the I/O electrodes, the switch can be ohmic or capacitive, as well as
serial or shunt, which provides the developer with various degrees of freedom and covers a wide range of
performance and performance characteristics.

Essentially, starting with basic reconfigurable elements, i.e. ohmic and capacitive, micro-relays with
excellent performance in terms of high isolation, wide frequency range, low insertion loss, pronounced
linearity, and almost zero power consumption, proper redundancy, and interconnection enable the im-
plementation of high-performance and widely reconfigurable passive RF MEMS networks [9]. Since
then, switching blocks have been successfully demonstrated in the literature, ranging from single-pole
double-throws (SPDTs) to more complex single-pole multiple-throws (SPMTs) and switching matrices.
Reconfigurable RF power attenuators and splitters/couplers can also be fully implemented in RF MEMS
technology, as well as in impedance matching tuners covering a significant portion of the smith-diagram
and implementing a large number of different states. In addition, RF MEMS technology has been proven
to be a key solution that also allows the implementation of reconfigurable phase shifters and true time
delay lines (TDL) for electronic antenna steering and radar systems, as well as in the micro-fabrication of
tunable filters for various RF applications.

Market expectations

Among the various concepts outlined by Nguyen in 2001, it is certainly one of the most relevant [10].
Starting with the standard transceiver architecture (transmitter/receiver), the deployment of RF MEMS
had to follow two paths. At the first stage, it was assumed that the RF passives in MEMS technology, such
as antenna switches, RF/IF (intermediate frequency) filters, LC reservoirs, and resonators, would replace
the standard counterparts, increasing the system performance. The second stage of the development of a
high-precision RF MEMS device, such as multi-channel selectors with built-in filtering functions and
mixer filters, would cause a rethink of the transceiver architecture. The block diagram of RF systems had to
be simplified, which would reduce both hardware complexity and power consumption. This transmission
topology can provide huge energy savings. In particular, if a high-Q and high-power filter with an insertion
loss of less than 1 dB can follow the power amplifier (PA), clearing all spurious outputs, including those re-
sulting from spectrum overgrowth, then more efficient PA designs can be used, despite their non-linearity.
For example, a PA previously limited by linearity considerations to 30 % efficiency in modern transmitter
architectures may be operational closer to its maximum efficiency, perhaps 50 %. For a typical transmis-
sion capacity of 600 mW, this efficiency improvement corresponds to an energy saving of 800 mW. The
performance of the transceiver, on the other side, would be expanded by numerous standards and services.
Nevertheless, the evolution of the facts went in a completely different direction. Market forecasts pub-
lished since the early 2000s envisioned hundreds of millions of dollars (US dollars) for RF MEMS in the
consumer market segment, which, analysis by analysis, were systematically reduced. These disappoint-
ments occurred for two reasons, both internal and external to the technology itself.
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At the same time, the first successes in the development of passive RF MEMS components were an-
nounced only in the last few years, with a delay of about one decade compared to the market revolution
predicted in the early 2000s. This was due to the fact that the rather critical aspects of RF MEMS technol-
ogy were not fully evaluated at the beginning.

Internal factors were associated with the lack of maturity of RF MEMS in the early years of their discus-
sion, with a particular focus on reliability, packaging, and integration with other (incompatible) technologies.
On the other hand, external factors correlated with the surrounding market environment. In fact, mobile
apps prior to 3G—3.5 G were not really demanding on high-performance components, such as RF MEMS.

The context of the link began to change with the appearance of 4G-LTE mobile devices (4" genera-
tion; Long-Term Evolution). The inclusion of an increasing number of components has caused a gradual
trend towards a deterioration in the quality of communication. The antennas no longer functioned under
optimal conditions, resulting in lower download speeds, lower voice quality, lower energy efficiency, and
more missed calls. The fixed impedance matching between the antenna and the RF front-end (RFFE),
classically adopted in previous generations of mobile phones, was no longer the best option. As part of this,
for example, for a few years, adaptive RF MEMS impedance tuners have begun to make their way into the
consumer segment of the 4G-LTE smartphone market.

Next up is the 5" generation of mobile networks and devices. 5G seems to be the right platform for RF
MEMS technology to express its full potential in market applications.

The development scenario of 5G

5G will implement a completely different paradigm compared to 4G, 4G-LTE. Some of the services
we use today, such as Wi-Fi internet access and video streaming, will be covered by 5G coverage along
with classic features such as voice calls and mobile internet access. It is also important to note that ma-
chine-to-machine (M2M) communication data is expected to be transmitted over 5G protocols. Exam-
ples of M2M applications are autonomous vehicles, remote surgery, remote manufacturing, and smart
cities. In other words, a significant portion of the Internet of Things (IoT), Internet of Everything (IoE)
data traffic will depend on 5G networks.

Obviously, the data throughput requirement is going to be huge. Many forecasts call for a 1000-fold
increase in 5G transmission capacity over 4G-LTE, providing 10 Gb/s for each individual user. In addi-
tion, the data transfer delay will need to be drastically reduced to a millisecond level. To understand the
importance of the latter requirement, one can simply wonder how low latency can be critical for appli-
cations such as vehicle-to-vehicle (V2V) communication. Finally, more importantly, when using M2M
applications, cloud computing, IoT, IoE, and so on, will require a greater symmetry between the downlink
and uplink bandwidth of the 5G standard.

How this revolution will become possible at the implementation level is still a hot topic for discussion.
Nevertheless, some high-level trends have already begun to show up quite clearly. 5G radio access technol-
ogies (RATs) will use three main components to increase the amount of data transmitted [11]:

1. The order of modulation;

2. Aggregated throughput;

3. The order of multiple-input and multiple-output antennas (MIMO).

If the first degree of freedom is a problem mainly at the level of algorithms and electronic design, points
2 and 3 make clear requirements in terms of hardware reconfiguration. In particular, improving aggre-
gated bandwidth means increasing the number of carrier aggregation (CA) components. Translated into
the technical characteristics of the equipment, this means that RF transceivers must have high readjusted
ability and flexibility in the rapid transition from one frequency band to another. On the other hand, in-
creasing the order of MIMO means having arrays/arrays of integrated antennas (e.g. 4 x 4) small enough
for use in smartphones and controlled by high-performance RFFEs with improved switching and filtering
characteristics to minimize internal and crosstalk.
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From the point of view of mobile infrastructure, another trend towards consolidation is the spread of
frequencies across the entire reverse part of the network hierarchy. In this regard, a clear frequency divi-
sion will characterize 5G networks. The classic macronutrients, covering quite extensive areas, will mostly
operate in the range up to 6 GHz. On the other hand, the huge data throughput mentioned above will be
achieved by significantly compacting the network. For this purpose, small cells will be deployed that cover
very limited spaces, such as a single building or small metropolitan areas (for example, the lobby of a train
station or shopping center). Such small cells will allow mass data transmission in the millimeter wave
range, that is, significantly higher than 6 GHz. On the other hand, they will require arrays of reconfigur-
able antennas and RF drivers capable of implementing advanced signal shaping and, in turn, achieving
pronounced directivity and effective coverage of the zone.

So, both in terms of mobile phones and infrastructure, 5G will require high frequency flexibility and
reconfiguration. RF transceivers must be very flexible in combining multiple components operating at
several GHz (below —6 GHz), as well as up to 60—70 GHz (millimeter wave range). In addition, you will
need integrated arrays of antennas and RFFE with increased performance, both to increase the order of
MIMO, and to solve the problem of signal formation.

It is possible to distinguish these functional characteristics in the specification that must be achieved by
passive RF components:

1. Very wideband switches and switching units (such as multi-pole multi-throw MPMT) with low loss
(on-off), high isolation (on-off), and very low crosstalk of adjacent channels, operating from 2 to 3 GHz
to 60—70 GHz (or more);

2. Reconfigurable filters with pronounced bandwidth suppression and very low bandwidth attenuation;

3. Very wide-band multi-position impedance tuners;

4. Programmable step attenuators with multiple configurations and very flat response in the 60—70 GHz
frequency range;

5. Very wide-band multi-position / analog phase shifters;

6. Hybrid devices with mixed phase shift and programmable attenuation — the functionality described
in paragraphs 4 and 5 is combined into a unique device;

7. Miniature antennas and arrays of antennas, possibly integrally integrated with one or more of the
devices described in the previous paragraphs from 1 to 6.

Given these classes of devices, the RF characteristics they will need to achieve can be summarized as
follows:

— Isolation: better than —30/—40 dB for frequencies as high as possible;

— Loss: below —1 dB in the widest possible frequency range;

— Cross-talk: below —50/—60 dB in the widest frequency range;

— Switching time: less than 1 ms, with a few fractions of ps (e.g. 200—300 ps) as a reasonable target;

— Control voltage: within a few volts (for example, 2—5 V).

To summarize, it should be noted that first, the above specifications and limitations can be solved using
MEMS technology. In addition, RF MEMS allows you to combine different functionality, which opens up
interesting opportunities in terms of reducing hardware complexity. In this regard, it is worth mentioning
the possibility of implementing reconfigurable phase shift and programmable attenuation of RF signals
using unique passive components, which can also be integrated with an array of antennas in the millim-
eter wavelength range. Therefore, if RF MEMS components are currently on the path of consolidation
in 4G-LTE applications, in the future 5G scenario, they have a significantly large role and large market
volumes, both in relation to mobile phones and terrestrial infrastructures.

The synergy of RF and energy-harvesting MEMS

The energy-harvesting (EH) power availability driver deserves a more detailed discussion, as it should
be compared to the typical power requirements of IoT nodes.
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Simply put, remote sensing nodes (always) consist of three main parts [12]:

1. Sensitive module (sensor, electronic reading interface);

2. Computing unit (Microcontroller unit — MCU);

3. RF transceiver.

Such blocks are the most energy-intensive, and energy consumption, in general terms, increases when
moving from point 1 to point 3. The typical power ranges required by the three remote sensing modules
are as follows:

1. Sensor assembly 1 pW—1050 puW;

2. Normal operation of the MCU 100 yW—15 mW;,

3. RF transceiver: 1520 mW—100 mW or more.

The energy dissipated in the environment can be obtained from four different sources: 1) ambient light;
2) vibration/motion; 3) thermal energy; 4) RF energy. Each of them has different achievable power levels,
also depending on the operating conditions (indoor/outdoor, human/industrial environment, etc.).

Currently, research has advanced fueled by the continuous trend of reducing the power consumption of
integrated circuits (IC). This paved the way for the use of MEMS technology for EH, using piezoelectric,
electromagnetic and electrostatic conversion mechanisms [13].

The fundamental problem resulting from EHs miniaturization is the scaling of the operating frequency,
since the resonant frequency of vibrating devices increases with decreasing mass and geometry, while most
of the ambient vibration energy is available below a few kHz. There are solutions to solve this problem
based on converting the frequency of ambient vibration. For example, complementary magnets can pro-
vide a resonant structure with a broadband pulse that also covers the main resonant frequency. The EH in
[14] generates power up to 65 uW (RMS) for oscillations up to 12 Hz. Other upconversion approaches use
snap and bend induced pulses superimposed on a microtransformer.

Another limitation affecting EHs MEMS is used in a typically narrow frequency band. Vibrational
resonance is mechanical resonators that exhibit the greatest vibrations at resonance and filter out most of
the spectrum elsewhere. There is extensive literature on strategies and methods for expanding the response
to vibrational EH MEMS.

The frequency response of the devices demonstrates a chaotic response (the resonance of the Duffing
mode) when the elastic behavior of the vibration-proof masses is nonlinear. This expands the frequency
range of the radiation and, in turn, the level of the extracted power. In the literature, hybrid solutions based
on piezoelectric and electromagnetic energy converters are discussed, which also differ in frequency con-
version up using folded cantilever structures. The tuning of the resonant frequency EH is investigated to
maximize the extraction in the widest possible range of operability.

EHs vibration consists of duplicating and changing the main elements of the spring mass. For this pur-
pose, the solution proposed in [15] uses a two-resonant structure to implement an electrostatic EH MEMS
of 13 x 20 mm?. The entire design has two resonant frequencies, leading the EH to power levels in the range
of 1.063 uW (1 g acceleration) in the frequency range of approximately 140 to 190 Hz.

As for the thermoelectric EH, the fundamental principle of converting thermal energy into electricity is
the Seebeck effect, which describes the electromotive force that occurs when a thermal gradient is applied
to the connection of two different materials. MEMS and film technology contributed to the development
of miniature thermoelectric EHs. For example, [16] describes a device containing pairs of thermocouples
for converting energy from body temperature (power density 10 pyW/cm?).

RF/electromagnetic EHs is the conversion of energy emitted in the environment (e.g., digital televi-
sion, 3G, 4G, Wi-Fi) into DC energy. One of the main tasks is to provide ultra-compact devices capable
of operating with high efficiency in a wide dynamic range of RF illumination power, as well as in a mul-
ti-band and multi-polar environment. Research on hybrid (RF and solar energy) and conformal systems
is ongoing. This should be extended by hybridization with heterogeneous EHs (RF—piezoelectric, RF—
thermoelectric, etc.) and by coupling EH with wireless power transmission (WPT) technology. Low-power
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WPT methods can be used as an alternative way to power cyberphysical systems (CPSS) when little or no
energy can be obtained from other sources.

EH MEMS solutions can make a significant contribution to achieving energy autonomy, as well as to
miniaturization and integration. it should be borne in mind that EHs are not designed to power remote
nodes, since energy storage units are always part of the system. Thus, EH MEMS, especially when working
in combination with various sources, can be key elements that ensure battery recharge and virtually infinite
service life of a remote IoT, IoE node.

Thus, starting with the EH MEMS technology, the most relevant potential is closely related to the crit-
ical factors of miniaturization and integration. A reduction in the size of the EHs implies a reduction in
power levels and, in the case of conversion from environmental fluctuations, an increase in the operating
frequency band. At first glance, the reduction in the collected capacity looks like a factor that worsens their
implementation and application. However, it is necessary to keep in mind two important trends that are
followed by technologies that support IoT, IoT, and the Tactile Internet. On the one hand, remote sensing
and functional nodes are steadily reducing power requirements due to the rapid development of low- and
ultra-low-power (ULP) electronics. As a result, there is a tendency to converge between the power re-
quested by the module, on the one hand, and the power provided by EH MEMS on the other. The second
important aspect is miniaturization and integration. In order to ensure the actual spread of IoT, IoE and
Tactile Internet, the hardware (HW) being implemented should be characterized by as little form factor as
possible. For these purposes, MEMS technology plays a crucial role, since it allows the implementation of
small electronic systems that can also be integrated to a certain extent (monolithic) into active electronics,
which leads to the creation of chips of a few square millimeters in size, containing a power supply, sensors/
actuators, and intelligent control electronics.

Current developments and technologies

At the moment, the author's team has developed, manufactured and studied experimental samples of
single-pole single-throw (SPST) RF MEMS switches of two types for use in 5G transceiver modules NR
FR1 frequency band. The first type is a capacitive RF MEMS switch with a hybrid contact type with a
central resonant frequency of 3.6 GHz. The second type is a capacitive RF MEMS switch with a hybrid
type of contact, in which a metal membrane — the movable closing element of the structure is part of the
RF transmission line of a coplanar waveguide (CPW) — inline RF MEMS switch. The central resonant
frequency is 3.4 GHz.

Fig. 1 shows 3D models of the proposed RF MEMS switches with the designation of structural ele-
ments.

A distinctive feature of the presented designs is the absence of the main disadvantages inherent in ca-
pacitive RF MEMS switches. Such disadvantages include [17—19]:

— the imperfection of the roughness of the contacting surfaces — the metal movable membrane and
the dielectric film applied to the surface of the RF transmission line. This leads to a decrease in the ca-
pacitance ratio of this type of RF MEMS switches. A decrease in the capacitance ratio, in turn, leads to
a shift in the resonant frequency from the required one and a decrease in the insulation value;

— the charge of the dielectric film under constant bias voltage, which leads to the adhesion of the
contacting surfaces — a metal movable membrane and a dielectric layer applied to the surface of the RF
transmission line;

— relatively high values of the pull-in voltage (20—40 V) and high values of the switching time
(50—80 ps). When solving this drawback, it is necessary to search for the convergence of the electro-
mechanical parameters so that the solution to reduce the value of the pull-in voltage does not lead to
an increase in the switching time.

To overcome the described disadvantages, an additional fixed metal—insulator (dielectric film)—metal
(MIM) capacitor on the substrate is developed and a switch is used to turn it on or off from the circuit.

22



4 L.E. Lysenko, A.V. Tkachenko, DOI: 10.18721/JCSTCS.14202>

a) b)

Zig-zaq elastic_suspension

Top metfal layer

[MIM capacitor)

RF OUT #/ RF OUT contact Pad

Zig-zag elastic suspension

Anchor

R

b Subsfraie/
h=500 um

Fig. 1. 3D topology of the RF MEMS switch: a — 1% type; b — 2" type

This results in a capacitance ratio that is independent of the roughness of the contacting surfaces and is
therefore ideal for dielectrics with high permittivity and roughness. The material of the dielectric film of
the additional fixed MIM capacitor is a dielectric material with a high permittivity of high-k dielectrics.
Additional fixed MIM capacitor is connected to a shunt capacitor with metal-air-metal (MAM) plates
formed by the upper metal film of the MIM capacitor, a metal movable membrane, and an air space be-
tween them. The MIM capacitor is connected to the MAM capacitor in series, in the case when the metal
movable membrane is in the up-position (open-state). In the case when the metal movable membrane is in
the down-position (close-state), the MAM capacitor changes to the resistance in the electrical circuit. At
the same time, such disadvantages of these designs as the high geometric dimensions of the metal movable
membrane, as well as the high contact resistance introduced by the metal movable membrane in the closed
state of the switch, are excluded [20].

The small value of the pull-in voltage and the short switching time is achieved by using four elastic sus-
pensions having a zig-zag shape, a small air gap between the metal movable membrane and the fixed down
actuation electrodes, a small thickness of the membrane, as well as the choice of the material of the mova-
ble structures using the developed method of material selection in the design of RF MEMS switches [21].

Fig. 2a shows an experimental sample of manufactured RF MEMS switches in a specialized microwave
package. The method of packaging, in this case, is the package of the separated crystals of RF MEMS
switches after all the stages of the process by fixing them in a specialized sealed case for microwave micro-
electronic devices. This microwave enclosure is designed to work in high-frequency RF signal transmis-
sion circuits-flesh up to 50 GHz with matching 50€2. The input and output of the microwave package are
coaxial connectors with a threaded connection, characterized by a minimum amount of loss at the contact
points. The contact pads for the supply of a constant control voltage to ensure the electrostatic activation
of the RF MEMS switch are thin-film coatings placed on the surface of this microwave package. In addi-
tion, one of the advantages of the chosen method of packaging is the possibility of conducting subsequent
laboratory tests and measurements of manufactured RF MEMS switches using laboratory equipment, as
well as without the use of specialized debugging microwave boards designed to measure the characteristics
of RF MEMS switches.

At the same time, in order to package the manufactured samples of RF MEMS switches into the se-
lected microwave package in order to secure them in the housing, it is necessary to develop a transition
circuit board (crystal) with separate contact pads made on it for supplying a constant control voltage, as
well as a CPW with a break in the place of mounting the switch crystal. Fig. 26 shows the manufactured
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Fig. 2. Manufactured experimental samples of RF MEMS switches:
a — in a specialized microwave package; b — experimental sample of manufactured adapter boards

adapter boards. Installation of the RF MEMS switch crystal is carried out by placing it in a pre-centered
and etched groove in the adapter board and gluing it with polyimide glue.

The connection of the CPW of the adapter board with the CPW located on the RF MEMS switch crys-
tal is carried out by a gold wire (d = 40 um) using a micro-welding operation. The connection of the con-
tact pads of the microwave housing-adapter board-crystal RF MEMS switch for the supply of a constant
control voltage is also carried out with a gold wire (d = 20 um) using a micro-welding operation.

Table 1 shows the extended results of laboratory tests of experimental samples of RF MEMS switches.

Table 1
Results of laboratory tests
SPST RF MEMS switch SPST RF MEMS switch
@ 3.6 GHz, S-band @ 3,4 GHz, L, S, C, X-band
Effective frequency S Effective frequency LS. C. X
range range el
Insertion loss Insertion loss

(open-state)

—0.07dB @ 3.6 GHz

(open-state)

—0.18dB@ 3.4 GHz

Isolation (close-state)

—44.2 dB @ 3.6 GHz

Isolation (close-state)

—55.2dB @ 3.4 GHz

mechanical influences

mechanical influences

Contact resistance Less 1 Q Contact resistance Less 1 Q
Linearity High Linearity High
Power consumption Less 1 yW Power consumption Less 1 uyW
Bias Voltage 35V Bias Voltage 2V
Pull-in Voltage Less 10 V Pull-in Voltage Less 10 V
Switching time ~ 10 ps Switching time ~ 10 ps
Switching power More 1 W Switching power More 1 W
Sensitivity to external High Sensitivity to external High

Fig. 3 shows the experimental results of measuring the electromagnetic parameters (scattering
parameters) of the manufactured experimental samples of RF MEMS switches.
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Fig. 3. Results of measuring the electromagnetic parameters
experimental samples of RF MEMS switches: a — 1 type; b — 2" type

The obtained high electromagnetic parameters, combined with a low value of the contact resistance in
the closed position allow them to be used for efficient operation of 5G mobile network transceivers since
these values are less than the typical value of the contact resistance of active semiconductor RF switches
based on PIN-diodes and FET-transistors.

The results obtained, namely, the developed manufacturing process and the developed and manufac-

tured experimental samples of RF MEMS switches can be used as a “foundation” for the design of com-
plex RF MEMS networks.

Conclusion

In the first part of this article, we attempted to create a comprehensive vision that currently encompass-
es the central paradigms of the 10T, IoE, Tactile Internet and 5G, i.e. the 5" generation of mobile commu-
nications. This general discussion was based on the use of MEMS technology with specific references to
EH MEMS and passives RF MEMS components. First, the IoT was described, highlighting the steadily
growing need for the spread of sensory and executive functions, as well as distributed computing power, to
provide intelligent capabilities for every object and/or environment of our daily lives (for example, a smart
city, smart factory and so on). Then the 5G paradigm was introduced, framing it in the evolution from 1G
to the current 4G-LTE. In particular, the high-level characteristics that 5G will need to gain in its evolu-
tion, going beyond the existing standards.

The second part of the article provides a brief description the developments of passive RF MEMS
components that have already been made by the team of authors. These include the obtained experimental
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samples of SPST capacitive RF MEMS switches with hybrid contact type for use in 5G NR FR1 mobile
network transceivers. Further plans for the development of this work are the development of wafer-level
packaging solutions at the plate level with the technology of through silicon vias (TSV) for the redistribu-
tion of the electrical signal from passive devices in the package — RF MEMS to the outside world. As well
as the development of RF MEMS switches to a different frequency range SG — NR FR2 in one or more
directions (SPnT).
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This article describes a technique for modeling a thermoelectric module (TEM) based on a
systematic approach using compact models. A finite-element model of a Peltier battery was built in
the COMSOL software environment. A numerical analysis of the characteristics of TEM in the case
of the dependence of material parameters on temperature is carried out. A compact dynamic TEM
model has been constructed and verified on the basis of direct numerical modeling of a number of
stationary and non-stationary problems for TEM. The presented approach facilitates the modeling
of a thermoelectric module and its interrelationships with control units and other thermal elements
under various boundary and initial conditions. The simulation results are in good agreement with the
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Based on numerical experiments, it is noted that the dependence of the physical parameters of the
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CaHkT-NeTepbyprcknii NOANTEXHUYECKMIA YyHUBEpcUTeT MNeTpa Beaunkoro,
CaHkKT-lNeTepbypr, Poccuiickaa Pepepaums

OnucaHa MeTOAMKa MOAEIUPOBAHUS TepMmodJieKTpuueckoro Monyast (TOM) Ha 0Gaze cu-
CTEMHOTO TOIX0Ja ¢ IPUMEHEHNEM KOMITAKTHBIX Mozeneit. [TocTpoeHa KOHEYHO-3JIEeMEHTHAS
Mogenb 6atapeu IlenbThbe B mporpaMmmHoii cpege COMSOL. TIpoBeneH YnCcaeHHBIN aHAINU3 Xa-
pakTepucTUK TOM B ciaydyae 3aBUCUMOCTA MaTepUaIbHBIX MapaMeTPOB OT TeMIlepaTyphl. Boi-
MOJIHEHO TTOCTPOeHMEe KOMITaKTHON AuHaMu4yeckKoil Monean TOM u e€ Bepudukaiys Ha OCHO-
BE MPSIMOTO YMCIIEHHOTO MOICIMPOBAHMS psiia CTAallMOHAPHBIX MU HECTAllMOHAPHBIX 3a1a4 ISt
TOM. TlpencraBieHHBII TTOAX0M 00JIeT4aeT MOIEINPOBAHNE TEPMOJIEKTPUIECKOTO MOIYJIST 1
€ro B3aMMOCBSI3¢i ¢ OJIOKAMU YIIPABICHUS W IPYTUMU TEIUIOBEIMHU 3JIEMEHTAMU TIPU pa3jIdd-
HBIX TPAHUYIHBIX M HaYaJbHBIX YCIOBUSX. Pe3ynbsraTel MomeIMpoBaHUST XOPOIIIO COTJIACYIOTCS C
pe3yabTaTaMM, TTOJYYeHHBIMU C UCITOJb30BaHUEM IPYTUX MOJEJCH, OMMCaHHBIX B JIUTEpaType,
a TakXXe C YMCACHHBIMU pelieHUusIMU. OTMEUEeHO, UTO 3aBUCUMOCTh (PU3MUECKUX MTapaMeTpOB
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6aTtapeu [lenbTbe OT TeMIIEpaTyphl MOXKET MCKaXKaTh BHIXOMXHBIE TTapaMeTpbl TOM 1 1o BO3MOXK-
HOCTH JOJIXKHA OBITh YUTEHA B KOMIMAKTHOI MOJICIIHN.

KioueBbie c10Ba: TePMO3JIEKTPUICCKIAN MOIYIB, pEAYLIMPOBAHNE CUCTEM, KOMIIAKTHASI MOZACITb,
Matlab, COMSOL, sssMOR.
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CraTbs OTKpBITOTO noctyna, pacnpoctpaHsiemas o JuieH3un CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

Introduction

There are several techniques for thermoelectric process modeling. The first method consists in standard
finite element modeling using well-known packages such as COMSOL, ANSYS [1—3]. The second meth-
od is based on the numerical integration of differential equations using platforms such as MATLAB Sim-
ulink [4, 5]. The third method is based on the construction of equivalent electrical circuits in the SPICE,
PSPICE software packages [6—9].

Thermoelectric modules are used in cases where it is impossible to use classical methods or principles
of thermostating, which are based on the use of refrigerants, and when active cooling or power generation
is required. The field of application of thermoelectric devices is extremely large. Thermoelectric modules
are used in solid-state and diode lasers, telecommunications equipment, electronics, various equipment in
transport, spacecraft, and also in everyday life. One of the promising directions for the development and
application of thermoelectric systems is the development of thermoelectric devices based on microelec-
tromechanical systems (MEMS), which can be used to stabilize the temperature of various high-precision
sensors [10, 11]. With the growth of requirements for the performance of microsystem technology, there
is a fundamental need for the development of cooling systems for electronic devices. The purpose of this
work is to develop a methodology for compact computationally efficient modeling of controlled thermo-
electric processes in distributed systems.

Modern numerical tools make it easy to obtain solutions to various physical problems, but a single
calculation is not always able to meet the design needs. A way out of this situation is to synthesize ap-
proximation models based on direct numerical modeling, which are much simpler in further analysis. It
is convenient to combine compact models of individual parts of the system into a single system model of
the object under study in Simulink or ANSYS TwinBuilder analysis systems, given that the general view of
nonlinearities and the type of converters are not so convenient and clear in direct software implementation
at the script level. The construction diagram of the proposed compact model of the thermostating system
is shown in the Fig. 1.

Construction order includes the following steps:

1. For the control object and all components of the thermostating system, except for the Peltier ele-
ments, a finite element model is built. The computational domain is obtained considering the construction
of a denser mesh in places with large thermal gradients, in close proximity to areas of application of ther-
mal loads and near objects of interest from the point of view of the simulation model.

2. The resulting finite element model using the finite element analysis system is uploaded in vec-
tor-matrix form to the Matlab software system.

3. On the basis of global matrices, a system in the state space is built and reduced, while the inputs of
the model are heat fluxes on the pads of thermoelectric modules and all external loads, and the outputs are
the temperatures of sites and those nodes in which the thermal field is of greatest interest. For relatively
small models, it is possible to use the built-in functions of the Matlab system (Control System Toolbox).
For large models, it is recommended to use the sssMOR methods, which are described in detail in [12].
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Fig. 1. Scheme for constructing a compact model of a thermostating system

The order of the reduced model can be determined based on the accuracy requirements of the resulting
model with respect to the estimates of the error rate for the Hankel singular eigenvalues of the controlla-
bility and observability Grammians.

4. The reduced model is placed in Simulink and connected to a model of effective thermoelectric
module, compiled on the basis of the Matlab Simulink built-in tools or the revised scheme on the basis of
elements Simscape software package (analog VHDL AMS), intended for modeling and calculation of the
generalized Kirchhoff networks.

Compact Simulink TEM model

One of the main problems in the construction of compact models of thermoelectric systems is the
mathematical description of a thermoelectric module (TEM) or a Peltier element. A typical TEM consists
of an array of NP-pairs of some semiconductor materials. Each NP-pair is connected electrically in series
with copper plates and thermally in parallel. The entire structure is enclosed between ceramic plates that
form the mounting platforms for the module itself. The simplest view of the Peltier element and the prin-
ciple of operation of a pair of NP-semiconductors are shown in Fig. 2.

There are five energy conversion processes in the thermoelectric module [13]:

* Conductive heat transfer: the process of transferring energy from warmer parts of the body to less
heated parts;

» Peltier effect: the effect of energy transfer during the passage of an electric current at the point of
contact of two dissimilar conductors;

* Thomson effect: a phenomenon which consists in the fact that in a homogeneous unevenly heated
conductor where an electric current flow, not only heat will be released due to the Joule-Lenz law, but also
Thomson’s heat will be released or absorbed depending on the direction of the current flow;

* Seebeck effect: the phenomenon of EMF at the ends of series-connected dissimilar conductors, the
contacts of which are at different temperatures;

» Joule effect: the heating effect observed in a conductor when an electric current is passed through
the conductor.

In the literature, there are many methods for modeling thermoelements (TE). One of these methods is
three-dimensional modeling in a coupled thermoelectric formulation, which is based on the finite element
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Te +qc

Fig. 2. Scheme and principle of operation of TEM

Thermoelectric element

Ceramic plates

Fig. 3. The proposed effective scheme for modeling a thermoelement

method (ANSYS, COMSOL, Fluent). Another method for modeling TE is based on the electrothermal
analogy and the construction of equivalent RC circuits, calculated, for example, in SPICE. In work [6],
an effective scheme for modeling TEM was proposed, shown in Fig. 3. This model of a thermoelectric
module is divided into two main parts. The first simulates only thermoelements in a form of a thermoelec-
tric physics simulation. This one-dimensional model divides the thermocouple into discrete lengths. This
discretization simulates distributed heat flux and mass. The material properties of the fuser are calculated
for each finite element.

The second part of the model describes the other components of that module, except for the thermoe-
lectric elements themselves. Additionally, thermal boundary conditions on the TEM surface are set here.
The advantage of such schemes is the ability to simulate essentially non-stationary processes [16—18]. It
is known that when a current pulse is applied, an instantaneous lower temperature is achieved on the cold
side of the TEM. The cold side temperature decreases to a minimum and then rises above the steady state
value to a maximum. Then it decreases exponentially to a steady-state value. Increased Peltier cooling is a
transient effect that only occurs at the cold junction of each pair.

In this work, we neglect the heat release associated with the Thomson effect. This is due to the objective
smallness of the arising heat sources. The idea of synthesizing an effective model of a Peltier element is to
describe the heat fluxes developed by it as functions of the temperatures of the cold and hot sides, as well as
the applied electric voltage or current. According to [14], the total heat flux through the cold and hot sides
of the NP-junction has the form:

AT I’R
4o =gt - 2'", (1)

m-c
m
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AT I’R
=—-+a,, [ +—, 2
qn @m m*h 2 ( )
a,, =oN, 3)
R, =RN, 4)
0, = ®/ N, ®))
L(pa+,) o
where N — number of thermocouples; R :T — electrical resistance, Ohm; L — conductor
length, m; A — cross-sectional area, m?; ﬁn, p p resistivity of # and p semiconductors, Ohm'm;
L
0 =————— — thermal resistance of the conductor, K/W; kn, k — thermal conductivity coefficients
(h1+kp)A v

of n and p type materials, W/m-K.
The electrical part of the system is described by the following expression:

V=a,l,-a,Tl,. (6)

The approach of compact modeling of TEM is based on an exact analytical solution to the prob-
lem of the thermal state of a homogeneous conducting material, considering thermoelectric effects.
A detailed solution to this problem is given in the article [14]. The obtained relation for the profile of
temperature and heat fluxes makes it possible to analyze the regime of the maximum temperature dif-
ference and give an estimate for the parameters of this regime: the flowing current and voltage. In the
TEM specifications, the manufacturer always indicates the parameters AT, I and V__, since they

are the main characteristics when completing the system and choosing the required module. The final
ratios can be written as follows:

1-J1+27,Z

ATmaX:Th +T, (7)
I 1+27,7Z -1 )
max (Xm®m >
Vinax = % Th, 9)
. a,0, ) .
where the material parameter Z = ; AT = — maximum temperature difference between the cold
m

and hot sides of the TEM; I — current providing maximum temperature difference AT ; V. — volt-
age corresponding to optimal current I1 -

Solving the above system of equations with respect to the model parameters (0, , Rm, @m), we obtain the
following formulae for determining the parameters of the effective model:
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Vinax (Th = AT oy )
R — max max Q 10
S N (10)

max

AT, T, K

On =1 (ThX—AT )[W}’ (4

max” max max

VmaX V
o, =—=|—1. 12
"o, {K} (12)

Since the calculated material parameters are the characteristics of the entire module, and to build an
effective TEM model, the parameters of each individual element are required, it is necessary to calculate
these parameters using the manufacturer’s database. Following the web-site of the manufacturer Kryo-
therm [15], a universal abbreviation of the type TB-N-C-h is used for the names of single-stage modules.
TB stands for thermoelectric battery (module); N is the number of thermoelectric pairs in the module; C is
the length of the edge of the base of the thermoelectric element (in millimeters); h is the height of the ther-
moelectric element (in millimeters). The manufacturer also provides information on the dimensions of the
thermoelectric module, namely the total height of the module and the width of the ceramic plates. The
material of ceramic plates in standard delivery conditions is Al,O, ceramics. Material properties for copper
conductors in TEM can be neglected due to their relatively small size. This means that using the obtained
generalized material properties of TEM and knowing the properties of the material and the geometry of
ceramic insulators, one can find the necessary parameters for constructing the RC TEM model. The total
thermal resistance will now be the sum of two terms, the first is responsible for thermoelectric elements,
the second is for ceramic plates. In this case, the effective Seebeck coefficient and electrical resistance do
not need to be divided into components, since these effects occur only in a thermoelectric element and
have no relation to ceramics:

K
®,=0,+0, {W} (13)

The thermal resistance of a ceramic plate can be calculated using the formula for the thermal resistance
of a section of a constant section circuit:

[ | K
p _E[W} (14)

where [ — thermal circuit length, m; A — material thermal conductivity coefficient, W/(m'K); S —
cross-sectional area of a site, m?.

Thermoelements in TEM have parallel resistance, which means that the thermal resistance of one
thermoelement is calculated as:

®N:2N(®m—2®c)[%}, (15)

where N — number of thermocouples in TEM.
The value for electrical resistance and the Seebeck coefficient are calculated similarly:

34



4 E.V. Zavorotneva, D.A. Indeitsev, A.V. Lukin, et al., DOI: 10.18721/JCSTCS.14203>

Rm

Ry =N QJ, (16)
o, | V

a_—zN{K}. 17)

Since the effective model proposed in the section divides the thermoelement into discrete elements
along their length, which are connected in series both thermally and electrically, the material properties of
each individual discrete element are calculated as

R==[0], (18)
_Oy| K
0=—! {W} (19)

where n — number of discrete elements along the length of one thermoelement.

Analysis of formulas (7)—(8) shows that the integral parameters of the thermoelectric module are
calculated at a certain temperature. In order to determine the accuracy of the model built using the
basic parameters, it is necessary to calculate these parameters for a certain range of temperature values
and estimate how strongly the parameters depend on temperature. Consider the TB 31-1.0-2.5 module,
one of the thermoelectric cooling modules available on the Kryotherm manufacturer’s website [15].
For T , € [260 K, 400 K], a calculation was performed to find the integral characteristics of the module
AT I andV_ . takinginto account that the material properties of the thermoelectric element are
constants and the material parameters are direct functions of temperature. The boundary conditions are
shown in the Fig. 4.

Fig. 5—7 show the dependence of the module parameters on the change in the hot side temperature.
Obviously, these dependencies cannot be neglected, just as it is assumed that the module parameters are
constants.

From the analysis of the results obtained, it can be concluded that when modeling thermoelectric pro-
cesses in TEM, it is necessary to consider the dependence of the operating characteristics of the module
on the operating temperature. It is also necessary to consider the dependence of material properties on the
temperature.

FYHITT
L

i, !

Fig. 4. Boundary conditions for calculating the maximum characteristics of TEM
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Fig. 5. Maximum temperature difference AT __depending on the temperature on the hot side
(—) — functional parameters; (- -) — constant parameters

max’

260 280 300 320 340 360 380

T,K

h?

Fig. 6. Maximum voltage V__depending on the temperature on the hot side

(—) — functional parameters; (- -) — constant parameters
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Fig. 7. Maximum current /__depending on the temperature on the hot side
(—) — functional parameters; (- -) — constant parameters

Based on the obtained dependencies, as well as the diagram shown in Fig. 3, a compact model for
TB-31-1.0-2.5 was built in the Matlab Simulink software package, shown in Fig. 8. Using an electrical
analogy, heat effects are represented by an equivalent electrical circuit in which temperature and heat flux
are given as voltage and current, respectively. Resistors and capacitors consider the thermal resistance and
thermal capacitance of the finite element, and the current source characterizes the heating. Inside each
unit element (region C) there is one current source responsible for Joule heating, two series-connected
resistors responsible for the thermal resistance of the element, and three capacitors responsible for the
heat capacity. The electrical part (area B) consists of an electrical resistance (resistor) in series with the
electrical current. An additional voltage source simulates the Seebeck voltage. The complete circuit con-
tains two additional current sources responsible for the Peltier effect. They are located on both sides of the
thermoelement submodel, since the Peltier effect occurs precisely at the material boundary. The studied
TEM consists of several thermoelements, which means that it is necessary to put a current amplifier (heat
flow) at the junction of materials in the circuit. Further, on both sides of the circuit, only ceramic plates
are modeled using two series resistors, which are responsible for the thermal resistance, and one capacitor,
which is responsible for the heat capacity of the plate.

The verification of the adequacy of such a model was carried out by comparing the simulation results
with the results obtained by direct finite-element (FE) analysis. Fig. 9 shows the dependence of the cold
side of the thermoelectric module on time at an applied alternating current.

Numerical study of the super-cooling effect for a model of one thermoelectric element. Let us turn to the
study of the possibilities of modeling essentially non-stationary thermoelectric processes using the pro-
posed compact model, presented in Fig. 10.
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Fig. 9. Dependence of the temperature of the cold side of the TEM
on time with an applied alternating electric current
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Fig. 10. Geometric model of thermoelectric element

In the present example, the case is considered when the lower conductor is maintained at a constant

: . MA .
temperature 7, = 300 K, while a constant electric current J, = 0.7 — s set on the cross section of the
upper conductor. m

A non-stationary process in a thermocouple is modeled both by the finite element method in a two-sid-
ed coupled thermoelectric formulation, and using a compact model.

The material parameters in the constructed effective model are functions of the operating temperature,
and correspond to the material parameters for the full FE model. When simulating the effect of overcool-
ing, a stepped current pulse with an amplitude of 2.5]max and a duration of 2 sec was used. Fig. 11 shows a
comparison of the simulation of the effect using a compact model of thermoelectric element, as well as a
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Fig. 11. Dependence of the thermoelement temperature on the cold side as a function of time,
with an applied impulse current
(- - -) — Simulink; (- - -) — COMSOL

complete FE. The two models predict almost the same dynamic characteristics of the temperature of the
cold side of the thermoelement, which indicates that this compact model can be used to simulate substan-
tially unsteady thermoelectric processes.

As can be seen from the coincidence of the curves, the compact model adequately describes the
complete FE model of the TE. The constructed compact model can be used for quick calculations of
non-stationary processes in an object with varying values of controlled parameters, as well as for forming a
high-level system (for example, a high-precision measuring device as a thermal model of the device design
+ thermoelectric models of Peltier elements). The model also considers the dependence of material prop-
erties on temperature. The advantage of the presented compact model is that it requires much less time for
numerical integration (1—5 minutes) than direct finite element analysis, the calculation of which can take
within 2—5 hours (for a FE model containing about 30,000 elements).

Numerical methods of algebraic reduction of systems of large dimension

The exact modeling of dynamic systems almost always leads to a large number of differential equations
and state variables (7 > 10*) which describe the behavior of the system over time. For example, when dis-
cretizing partial differential equations on a spatial grid, or when modeling systems with a large number of
components, such as integrated circuits. The applications in which large-scale models emerge are numer-
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ous and cover different areas: space industry, various MEMS devices, and even simulation of biochemical
systems.

Such models, especially in control theory, are often formulated in the state space representation (20),
where the state vector x € R" describes the state of the system at each moment of time:

X = Ax+ Bu, 20
y=Cx+Du, (20)
or in an alternative form:
M. x=M_,Ax+M .Bu,
y=Cx+ Du. @0

Form (21) is more suitable for large systems because the matrices M cand M CA tend to become sparser
than A. With ever-increasing modeling requirements, the order of the model can become excessively large
(n > 10%). This creates big problems for the numerical processing of such models, primarily due to storage
limitations. In fact, even in the simpler but common case of linear systems, maintaining a matrix of this
size can become a difficult task.

The problem is that it takes too much memory to store all the elements of the matrix, which is im-
possible on a standard computer. In [12], a set of tools Sparse State-Space and Model Order Reduction
(sssMOR) is presented, which overcomes this disadvantage by defining sparse objects of state space, that
is, dynamical systems defined using sparse matrices. This allows both to store large-scale models with hun-
dreds of millions of state variables and to use the sparsity of system matrices to reduce the computational
load of their analysis.

In order to reduce computational resources in large-scale models, it is convenient to use Reduced
Order Model (ROMs) of a much smaller order g << 7, which fix the corresponding dynamics. Using the
sssMOR module makes it possible to analyze dynamical systems with a state-space dimension greater
than n = 10*, which is usually the limit for Matlab built-in functions. It is also shown in [12] that the use
of sss and sssMOR is very beneficial in terms of memory and computational resource requirements, even
for medium-sized tasks (n = 10%), and allows you to analyze models that otherwise would be unavailable.

Consider the following heat conduction problem for a rectangular region. The finite element model
and boundary conditions are shown in Fig. 12.

Boundary condition on the lower face or Dirichlet condition:

T y=0 = 1y, =273 K. (22)
Heating F'is supplied to the input, which is equal to

F:IOOOB—;. (23)

M

We significantly refine the FE model mesh and extract the system in state variables using the parame-
ab

ter Q as the input variable and the temperature at the point of interest 7} (5’5} as the output variable.

When using such a FE model, the system in state variables in full format can no longer be unloaded due to
memory constraints, which means that it becomes necessary to use the sssMOR toolbox. To overcome the
limitations of object storage, a sparse state space class is created. This class allows you to define sss objects,
that is, state-space systems that are defined using sparse matrices.
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Fig. 13. Bode diagrams for the original and reduced systems
(—) — sssSystem; (— -) — rkMetod; (— - -) — irkaMetod

We can obtain a reduced model of the system in state variables, with the help of reduction methods in
a sparse form. Fig. 13 shows Bode diagrams for the original and reduced systems using 50 state variables.

As can be seen from the comparison of the curves, the reduced model using only 50 variables provides
a good approximation of the original system over a wide frequency range.

Verification of methods for compact modeling of thermoelectric systems

The proposed technique for compact modeling of thermoelectric systems was tested on a model of
some high-precision measuring device containing a thermostating system, shown in Fig. 14. The model
is a simplified physical and geometric description of all components of the device, except for Peltier bat-
teries. In this model, thermoelectric modules are replaced by the boundary conditions of heat fluxes at
the contact areas. On radiators, the condition of convection with an environment with a fixed ambient
temperature is applied.

For the constructed FE model, the system in state variables in a sparse format was extracted using the
COMSOL LiveLink ™ for Matlab module. The inputs to this system in state variables are heat fluxes on
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Fig. 14. Finite element model of sensor

the pads of thermoelectric modules and all external loads (ambient temperature), and the outputs are the
temperatures of the corresponding pads, as well as the temperature value at the points of interest (locations
of temperature sensors).

The reduced thermal model was integrated into the Simulink system and connected to an efficient
thermoelectric module model. The resulting complete compact model in the Matlab Simulink system is
shown in Fig. 15.

The following are the results of numerical simulation of controlled thermal processes in the device case
when voltage is applied in manual mode in accordance with the graphs shown in Fig. 16.

Fig. 17 shows a graph of the temperature measured by the sensor during the experiment with changing
the control voltage on the Peltier elements in manual mode.

The constructed system model allows simulating various scenarios of thermal loading of the sensor and
the operation of the existing control algorithms for the temperature stabilization system.

The proposed approach allows solving such problems as: design optimization, selection of the optimal
configuration of thermoelectric modules, synthesis of control algorithms for the thermostating system,
considering the specific physical characteristics of the device of the required design.
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Conclusion

Based on the results of the accomplished work, we developed and verified a fairly general method of
computationally efficient modeling of non-stationary thermoelectric processes in controlled systems. The
paper describes the stages of building a model, boundary conditions for obtaining load vectors, and their
application in the synthesis of a model in the state space. The reduction of the model is carried out and the
transient processes to typical actions are studied. The proposed compact model has a number of advantag-
es, namely: it requires much less time for numerical integration, it has the ability to consider the depend-
ence of material properties on temperature, and allows simplified modeling of not only thermoelectric
modules, but also the corresponding thermal FE models. The resulting compact model greatly simplifies
the analysis of such systems, and also allows you to quickly and efficiently select the optimal control, which
cannot be done in a conventional finite element calculation. Based on the results obtained, it can be con-
cluded that the proposed method for constructing system models should find extensive application in the
design and analysis of thermoelectric controlled processes.

The research was carried out with the financial support of the Ministry of Education and Science of Russia
as part of the implementation of the program of the World-class Scientific Center in the direction of “Advanced
digital technologies” of SPbPU (agreement dated November 17, 2020, No. 075-15-2020-934).
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The article is dedicated to solving the problem of creation of small-size quantum frequency
standards for telecommunications and navigation systems using the methods of MEMS
technologies. The analysis of the conventional MEMS atomic clocks operating on the effect
of coherent population trapping shows that the conditions of the technological operation for
alkali vapor cells sealing have the greatest influence on the clock performance. To improve the
atomic clock short-term and long-term frequency stability, it is necessary to reduce the cell
sealing temperature and use materials with low gas permeability. Therefore, experimental work
was carried out to find new structural materials for the atomic cell design and two MEMS
technologies of low-temperature anodic bonding were developed. The first one is based on
the use of transparent glass-ceramics SO-33M and provides anodic sealing at a temperature of
150 °C. Using this technology, prototypes of MEMS cells with optical windows made of glass-
ceramic and fused quartz were made. The second technology is based on the anodic bonding of
LKS35 glass and silicon at a temperature of 250 °C and was used to fabricate MEMS cells filled
with vapors of rubidium-87 or caesium-133 isotopes in neon buffer gas.
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CTaTbs MOCBSIIICHA PEIICHUIO TPOOIEMBbI CO3MaHUS MaTOTadapUTHBIX KBAHTOBBIX CTaHIAP-
TOB YaCTOThI [IJIsI TEIEKOMMYHUKAIIMOHHBIX U1 HABUTALIMOHHBIX CUCTEM MPU MOMOIIM METOI0B
MBOMC-texHoJIOTUI. AHATN3 CYLIECTBYIOMNUX KOHCTPYKIMI MOMC aToMHBIX 4acoB, pado-
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Talomux Ha 3(pdeKTe KOrepeHTHOTO TUICHEHMWS HAceJICHHOCTEH, ITOoKa3al, 4YTO HauOOJIbIIIee
BIMSIHYE Ha MX METPOJOTUUYECKME XapaKTePUCTUKU OKa3bIBAIOT YCIOBUS MIPOBEACHUS Ollepa-
LIMM TepMETU3aLIMU TTapOoIIeTOYHbIX aTOMHBIX sueeK. JIJIsl MOBBIIIEHUS] TOYHOCTU U TOJTOBPE-
MeHHOoI ctabuiabHocTU MOMC yacoB HEOOXOIMMO YMEHbLIATh TEMIIEpaTypy 3TOI oIepanuu
¥ IPUMEHSITh MaTepHajlbl C HU3KOM ra3ormpoHuniiaecMocTbio. [IToaToMy OBIIa IIpoBeaeHa KCIIe-
pUMeHTaIbHas paboTa 110 IMTOMCKY HOBBIX KOHCTPYKIIMOHHBIX MATePHUAJIOB [IJIsI aTOMHOM sTueii-
KA W pa3paboTaHbl ABE TEXHOJIOTHUM HM3KOTEMIIepaTYpHOU aHOMHOU TepMoaudy3MOHHOMU
repmetusauuu. [lepBasi ocHoBaHa Ha NIpUMEHEHUM Mpo3padyHoii cteknokepamuku CO-33M
U MO3BOJISET NMPOBOAUTHL aHOAHYIO repmeTusauuio npu temreparype 150 °C. 1o aToit TexHo-
JIOTUW M3TOTOBJICHBI TPOTOTUITEI MO MC-s9eeK ¢ OKHAMU M3 CTEKJIOKEpaMUKH M TIABJIEHOTO
KBapna. Bropas TexHoIOTHS, OCHOBaHHAs Ha aHOTHOM coenMHeHUM cTekiaa JIKS m kpeMHUs
mpu 250 °C, ucmoib30BaHa ST U3TOTOBJICHUS IeiicTBYIOMMNX 00pa3iioB MOMC-sueek, 3a-
ITOJTHEHHBIX ITapaMy U30TOIIOB pyounus-87 unu me3usi-133 u OydhepHBIM Ta30M HEOHOM.

Kiouessie ciioBa: MOMC, aTOMHBIE Yachl, I€JI0YHa STUeiiKa, aHOAHasI CBapKa, CTEKJIO, CTEKJIO-
KepaMUKa, KBAHTOBBIM CTaHAAPT YaCTOTHI.
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Shashkin A.V. MEMS alkali vapor cell encapsulation technologies for chip-scale atomic clock //
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JCSTCS.14204

CraTbs OTKpBITOTO noctyna, pacnpoctpansiemas o JuieH3un CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).

Introduction

The application fields of quantum devices with optical pumping is expanding every year: from telecom-
munication, network synchronization and satellite navigation systems [1—3] to medical diagnostics [4],
atomic spectroscopy [5] and quantum-enhanced metrology systems based on ensemble of ultra cold atoms
[6]. The success achieved in the miniaturization of quantum devices and the development of standard-
ized methods of physics packaging of optical component with electronics ensured their mass production
[7—10]. Development of technologies of microelectromechanical systems (MEMS) and vertical-cavity
surface-emitting lasers (VCSEL) made it possible to create miniature atomic magnetometers and chip-
scale atomic clocks (CSAC) based on the coherent population trapping (CPT) effect [11—13].

A key element of modern quantum devices is millimeter-size atomic cells containing alkali metal
vapors in inert atmosphere or vacuum [1, 14, 15]. To increase the atomic quality factor and reduce fre-
quency instability of CSAC, different buffer gases or organic anti-relaxation coatings of the inner walls
of the cell are used [16, 17]. Benefiting from planar MEMS technologies, MEMS cells are characterized
by small size, flat optical windows, low fabricating cost, and provide low power consumption and sim-
plicity of integration with other components of CSAC (thin film heaters, anti-reflective coatings, optical
filters, microlens, etc.) [12].

The MEMS cells are formed by sandwiching a silicon wafer with through-hole cavity between two
transparent glass wafers. The main processes of the MEMS cells technology are optical cavities forma-
tion, filling with an alkali metal source and vacuum-tight sealing of the cell in the appropriate buffer
atmosphere [18]. Optical cavities are implemented by dry or wet through-wafer etching of silicon. Pure
alkali metals or alkali salts with reducing agent are used as vapors sources.

Vacuum-tight sealing is the main MEMS technology that has the greatest impact on the atomic cell
performance. For hermetic sealing of such devices on a wafer level, various bonding technologies are
used, the most widespread of which is the anodic bonding of silicon and glass wafers [19]. Anodic bond-
ing is based on electro-chemical processes taking place between joined surfaces at elevated temperatures
and under action of electric field [20]. Materials for the anodic bonding are special borosilicate glasses
(Borofloat 33, Pyrex 7740), which have high ionic conductivity at bonding temperatures, optical trans-
parency and coefficient of thermal expansion (CTE) approximately matched to CTE of silicon. At the

50



4 A.N. Kazakin, R.V. Kleimanov, A.V. Korshunov, et al., DOI: 10.18721/JCSTCS.14204>

same time, high temperatures (300—500 °C) required for high-quality anodic bonding silicon to boros-
ilicate glasses, limit the application of this technology for sealing of some types of MEMS atomic cells
due to low dissociation temperatures of alkali salts or organic anti-relaxation coatings and the difficulty
of providing the exact composition and pressure of buffer atmosphere.

This paper presents the results of the development of the low temperature anodic bonding technology
for vacuum-tight sealing of MEMS atomic cells, developed jointly by Higher School of Applied Physics
and Space Technologies and Laboratory of Nano- and Microsystem Technology of Peter the Great St.
Petersburg Polytechnic University.

The dependence of the atomic clock performance on the MEMS cell design

The short-term frequency stability and long-term frequency stability are two main factors that de-
termine the atomic clock performance. Both these values are interrelated and directly depend on the
dimensions and materials of vapor cell, the alkali metal used and the inner atmosphere composition.

In MEMS cells, ¥Rb and '33C isotopes are usually used to observe the CPT-resonance at D1 refer-
ence transition (when optical pumping at D2 line is used, the resonance contrast does not exceed several
percent due to the strong broadening of the optical transitions in collisions of atoms with buffer gas
molecules and the difference in the probabilities of the corresponding electrodipole transitions). Instead
of pure alkali metals due to their low melting point, alkali azide salts or solid microdispensers based on
alkali chlorides and chromates with reducing agent are used as vapors sources in the MEMS cell designs.
The release of alkali metal vapors is carried out after the vacuum-tight cell encapsulation as a result of a
chemical reaction by local heating or salt dissociation under the influence of UV light [1, 18]. For this
reason, modern MEMS cells in most cases have a two-chamber design, which consist of optical and
dispenser cavities with a volume of several cubic millimeters connected by narrow filtration channels.

Fig. 1 shows two possible designs of two-chamber cell that can be fabricated using low-cost MEMS
technologies. The first design is made by the classic glass-silicon-glass technology, which uses anodic
bonding to connect all parts (Fig. 1a). In this variant, the optical path size is about 1 mm, since it is
limited by the existing technological capabilities to etch through-wafer cavities in a thick silicon sub-
strate. The second one is an all-glass cell (Fig. 15). In this variant, anodic sealing of the cell is carried out
through thin intermediate layers (such as Si, SiC, Al films with sub-micrometer thickness) deposited on
the surface of the glasses [21, 22]. The dimensions of such cells can be more than 5 mm, which is due to
high rates of mechanical or abrasive micromachining of glasses [8, 9].

When the size of the gas cells is reduced to millimeter scale, the absorption of the optical pumping is
significantly reduced. This fact leads to the need to warm up the cells to temperatures of 80—120 °C, which
reduces short-term frequency stability. At present, the relative short-term frequency stability of the CSAC
is significantly less than this value for conventional atomic clocks based on glass-blown cells. Because
of a major contribution to the CPT linewidth are collisions of the alkali atoms with the cell walls, which
completely depolarize the spin of the atoms, frequency stability of the clock degrades with smaller size.
To reduce this effect, a buffer gas is added to the vapor cell to narrow the transition linewidths [16, 23].
Gases such as He, Ne, Ar, and N, interact only very weakly with the spin of the alkali atoms and hence
the atoms can undergo thousands collisions with the buffer gas before the spin depolarizes. At the same
time it shifts the hyperfine frequency and this shift is temperature-dependent, which impairs the CSAC
long-term frequency stability due to temperature fluctuations [24]. The value and sign of the temper-
ature shift of the reference transition depend on the composition and pressure of the buffer gas, which
makes it necessary to carefully select the components of the inert atmosphere to minimize this negative
phenomenon [14]. At present, the relative short-term frequency stability of the CSAC with buffer-gas
atomic cells is 107'°—10~"" s7/2_ and drift rates are 10*—10-"!/day [1].

An alternative approach to reduce the effects of wall collisions is to apply an anti-relaxation coating
such as straight-chain alkanes, alkenes, and organochlorosilanes on the inner walls of the vapor cell [17,
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Fig. 1. Two-chamber cell schemes: glass-silicon-glass cell (a) and all-glass cell (b)

25-27]. In this variant, the rate of relaxation of the spin-polarized alkali atoms when they collide with
the wall of the absorption chamber is reduced by four orders of magnitude. Experiments show that the
anti-relaxation coating also leads to shifts in the frequency of the reference transition, but these shifts
drift very slowly over time (less than 10 Hz over a time span of 30 years). This feature of coated cells is
very useful for atomic frequency standards in deep space communications and GLONASS systems. It
is pertinent to note that buffer-gas-free cells with anti-relaxation coatings so far have not been used in
commercial atomic clocks due to decomposition of the organic coating at high temperatures required
by anodic bonding process used in micro-fabrication of MEMS vapor cells [25]. However, recent studies
have shown that the coating based on octadecyltrichlorosilane (OTS) can be compatible with MEMS
cell technology if it is possible to lower the anodic sealing temperature to 170 °C [26, 27].

The materials of the cell walls and thin optical windows affect the long-term frequency stability of
CSAC. The gas permeability of borosilicate glasses for helium and neon leads to a change in the com-
position of the buffer atmosphere inside the MEMS cell over time [6, 28—30]. As experiments show, for
a millimeter-size cell with Cs-Ne vapor, the frequency shift due to the gas permeability of the Borofloat
33 glass is about —5-10-!'/day [29]. Replacing conventional borosilicate glasses with more expensive
aluminosilicate glasses can reduce long-term frequency instability by several orders of magnitude [30].

Selection of materials for anodic sealing of MEMS cell

In the frame of this work, we tested alternative anodic bonding materials, which are promising for
the fabrication technology cost reducing and the cell performance improving. One of them is LKS5 glass,
which is a domestic analog of Borofloat® 33 glass (Schott). Both glasses have approximately the same
coefficients of thermal expansion, close to single-crystal silicon, but their compositions are slightly
different [31].

The second tested material is SO-33M glass-ceramic (commercial name is “CO-33M”, provided
by S.I. Vavilov State Optical Institute data, St. Petersburg, Russia). This is a transparent glass-ceramic
(TGC) synthesized on the basis of lithium aluminosilicates which has an average CTE close to zero
and is close in its characteristics to the Zerodur® glass-ceramic (Schott). The coefficient of thermal
expansion of the SO-33M glass-ceramic used in this work is far from silicon CTE, but it is matched with
fused quartz in a wide temperature range. Therefore, this material can only be used for the fabrication of
all-glass-ceramic cells or cells with quartz windows. The Table 1 shows a comparison of the mechanical,
optical and technological parameters of SO-33M glass-ceramic and Borofloat 33 glass, which are im-
portant for the technology of MEMS atomic cells. Lithium aluminosilicates transparent glass-ceramics
can become good alternative materials for anodic sealing of MEMS because they have many advantages

52



4 A.N. Kazakin, R.V. Kleimanov, A.V. Korshunov, et al., DOI: 10.18721/JCSTCS.14204>

over glasses — high working temperature, low gas permeability, low fragility, high strength, thermal shock
resistance, durability during mechanical processing [32]. Lithium ions in the glass and glass-ceramics
have an increased ionic mobility compared to sodium ions [33]. For this reason, such materials can be
bonded at lower temperatures than conventional borosilicate glasses [34].

The optical transmittance of SO 33M, LK5 and Borofloat 33 wafers with a thickness of 450—500 pm
has been measured by spectrophotometer Shimadzu uv 3600. The spectral dependences prove an almost
complete identity of the transmittance of both LK5 and Borofloat 33 glasses in the wavelengths range of
300—3000 nm. The SO 33M glass-ceramic transmits light only 2 % worse than Borofloat 33 in the range
of 500—2500 nm.

Table 1
Comparison of glass and glass-ceramic parameters for MEMS sealing
Borofloat 33 glass* SO-33M glass-ceramic**

~0.5

CTE, 10-° 1/K (20—300 °C) 3.25 —0.15-0.1
(in 60—100 °C)

Maximal working temperature, °C 500 700
Density p, g/cm? 2.2 2.5
Hardness 480 (HKO0.1/20) > 750 (HB)
Young’s Modulus E, GPa 64 83
Poisson's ratio 0.2 0.27
Helium permeability, Pa-m3/s (200 °C) ~10-9 <10-11
Refractive index n, 1.47 1.54
Transmittance in 500—2500 nm, % *** 95 9.5
(for wafer with thickness of 0.5 mm) ' '
at 795 nm (¥Rb D1 line) *** 92.34 90.69
at 780 nm (¥Rb D2 line) *** 92.39 90.70
at 895 nm ('**Cs D1 line) *** 92.48 90.55
at 852 nm ('**Cs D2 line) *** 92.35 90.67
MEMS technology compatibility ***:
Anodic bonding temperatures, °C 300—450 150—-300
Chemical etching in HF solutions excellent poor
Electro-discharge drilling in NaOH excellent poor
Laser micromachining poor good
Microdrilling poor excellent

* — Schott data; ** — S.I. Vavilov State Optical Institute data; *** — Authors data

Anodic bonding experiments

The principle of the anodic bonding process is shown in Fig. 2a. The silicon wafer is connected to
a flat metal anode and the top glass wafer is connected to a needle or thin-film cathode. The stacked
wafers are heated up by a hot plate. When the bonding temperature is reached, the bonding voltage is
applied to the contacted wafer. The electric field causes the dissociated alkali cations in the glass to move

53



4 Computing, Telecommunications and Control

Vol. 14, No. 2, 2021
_a

a) .
+ - Point metal Sputtered
. . hode planar cathode
/ Depleted
Glass oplel
INH' layer
77777777777777777777777777777777777777 Plate metal
Thermo “ anode
pile
Hot plate
becd
c)
10\] T T T T T T T
_A
A7 8
g 10'E E
5 ]
~
[%5)
3
-~ P 4
2 ,
z 10k r & E
o ’
2 ’
 §
s ’
O 400k A ol
—m— Borofioat 33
— & -SO-33M
--e- LK-5
104 1 1 1 1 1 1 1
100 150 200 250 300 350 400
Temperature, °C
e) ’
T T T T
- - =400 °C 500V point cathode
#o _‘| —— 250 °C 350V planar cathode
\
\
i ¥
Ll 5
o \
5] \
= \
6 a0 \\
\
20
. —

1
600 800

Time, s

1
400

b)

o
~

Current, pA/cm?

n
=]
T

Q
(=]
T

Current, pA

@
S
T

- e -150°C
—-4- 180 °C| ]
--4~-200 °C

60 ~ A .
Rd ‘/'/
40 | e — 4
K e
/‘ i _ - -
20— — g .
T ) B S &
| e —a i

o

0

100

200

300 400 500 600 700
Voltage, V

T T T

----- 300 °C 500V (point cathode)
=180 °C 100V (planar cathode)
~ — 120°C 1000V (planar cathode)

800
Time, s

Fig. 2. Anodic bonding experiments results: bonding scheme (a), samples view
at different bonding stages (b), samples conductivities (c), SO-33M current-voltage dependencies (d),
current responses during bonding of silicon to LK5 (e) and SO 33M ()

towards the cathode, forming a depleted region at the glass-silicon interface. When the bond pair makes
intimate contact, the chemical reaction takes place at the interface, resulting in the oxidation of the sil-
icon substrate and consequently realizing a permanent bond between the glass and the silicon. As shown
in Fig. 2b, during the bonding process, Newton’s rings were observed at the beginning between the glass

and silicon surfaces. After the voltage is applied, an enlargement of the reaction area was observed.

Both LK5 glass and SO-33M glass-ceramic materials are firstly characterized through the

experimental way.

The measurement of the glass and glass-ceramic electrical conductivity was carried out in labora-
tory equipment designed for silicon-glass anodic bonding. The 500 um thick wafers were preliminarily
divided into square samples with an area of 1 cm?, cleaned in piranha solution and rinsed in deionized
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water, and thin-film aluminum electrodes were deposited on both sample sides by DC-magnetron sput-
tering. The initial current peak value at the moment of switching on the voltage was used to estimate the
samples conductivity at a given temperature. The obtained temperature dependencies of the samples
conductivity in comparison with the Borofloat 33 glass are shown in Fig. 2c.

At standard bonding temperatures (> 350 °C), the conductivities of both LK5 and Borofloat 33 glass-
es are approximately equal. However, in the temperature range of 200—300 °C, the ionic conductivity
of LKS5 glass exceeds the Borofloat 33 one by about two times. This fact is important for the cell sealing
in neon atmosphere at pressures of several hundred Torr, because it allows us to achieve a hermetic sili-
con-LKS5 bonding at lower temperatures and volts.

The SO-33M glass-ceramic conductivity were 2 to 3 orders of magnitude higher than that of Boro-
float 33 glass in the entire temperature range studied. This case made it possible to carry out an anodic
bonding of TGC samples to each other at a temperature of about 150 °C.

Time dependencies of the current density during anodic bonding of LK5 and SO-33M to silicon at
different bonding conditions are shown in Fig. 2e and Fig. 2f, respectively. The time evolution of bonding
current and the area under these curves, which equal to the total charge passed through the glass-silicon
interface, are the criteria for the bonding quality evaluation. Minimal charge density sufficient to create
a bond between the Si and the glass is 3 mC/cm? [22]. At low temperatures (less than 270 °C and 180 °C
for LK5 and SO 33M, respectively) and using a point cathode, the passed charge density is insufficient
for the depleted layer formation and high-quality bonding. To increase this value and provide a durable
bonding at low temperatures, it is necessary to use a thin-film cathode with a large area or increase the
bonding voltage (Fig. 2d).

The duration of the process, sufficient to provide a uniform bonding over the entire wafers area,
was estimated by the time response of the current. The increase in the current in the first minutes of
bonding was due to the spreading of the joint spot over most of the silicon sample area under the influ-
ence of electrostatic force, as shown in right side of Fig. 2b. After that, all current responses for LK5
bonding showed a purely ionic character of conductivity with exponential current drop over time, which
indicates the fast formation of a depleted layer (Fig. 2¢). In most cases, twenty minutes was enough for
LK5-to-silicon bonding of the wafers with a diameter of 3”. The behavior of current during glass-ceram-
ic bonding was more complex and its drop over time was slower (Fig. 2f). This circumstance required an
increase in the TGC-to-silicon bonding duration up to one hour.

The results of this characterization work provided an overview of bonding parameters for both mate-
rials and were used in the development of MEMS cell fabrication process.

Anodic sealing of glass-silicon-glass sandwich and sandwich of three glass-ceramic wafers using in-
termediate polysilicon layers has been carried out in a lab tool that provides a gap between the wafers for
vacuuming and degassing the cells cavities. The tool with attached wafers was placed in a vacuum cham-
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Fig. 3. Gas cells sealing equipment scheme (a) and bonding tool view (b)
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ber equipped with a gas line for the supply of inert gases. The scheme of bonding equipment and real
view of tool with bonded wafers in the vacuum chamber are shown in Fig. 3a and Fig. 35, respectively.

In the case of bonding of glass-ceramic wafers to each other, one of the wafers acted as a silicon wafer
in scheme shown in Fig. 3a, but its conductivity was provided by thin-film conductive layers deposited
on bottom and top wafer surfaces. To perform this process polysilicon films with a thickness of 200 nm
and resistivity of approximately 600 Ohm-cm was deposited by DC-magnetron sputtering from a sin-
gle-crystal silicon target with a resistivity of 0.1 Ohm-cm. The glass or TGC top wafer shifted slightly to
the side in order to spare place for the point anode contact to the polysilicon layer or silicon wafer.

Development of anodic sealing technology for glass-ceramic atomic cells

This configuration of bonding equipment was used to fabricate a prototype of two-chamber all—
glass-ceramic cell, shown in Fig. 15. The cell was formed by sandwiching a glass-ceramic wafer with two
through-hole cavities and connection channels between two another wafers by anodic bonding using poly-
silicon interlayers. Thickness of TGC wafers was 500 pm. Cell fabrication process is shown in Fig. 4.

First glass-ceramic wafer micromachining was carried out by drilling with tubular drills with diamond
grains binded by electroplating (Fig. 4a). The drills diameter was 2 and 3 mm. The wafer was fixed to the
movable substrate holder by molten paraffin. The cavities formation was carried out by through-wafer
sinking the drill bit at spin rate of 1000 rpm. Formation of two arc-shaped channels with a width of 200 um
was carried out by sinking the tubular drill to the depth of 150 um at the center point between the cavities.
After removing the paraffin in toluene, the wafer was cleaned in isopropanol, water and piranha solution.
Then 200 nm thick polysilicon films were sputtered on both sides of the wafer (Fig. 4b).

First anodic bonding was carried out to join the micromachined wafer to the bottom TGC wafer
(Fig. 4c). This operation was performed in air condition at 250 °C and 500 V using a point cathode to
visually observe the formation of a bonding spot. The operation of the filling the cell with an alkali dis-
penser was not performed at the prototype fabrication stage. Second anodic bonding at the same condi-
tions was carried out to seal the cell by top TGC wafer (Fig. 4d). Drop of the current passed through the
interface during the first and second anodic bonding are shown in Fig. 5b.

The behavior of the second bonding current did not show a fast exponential drop. This may be due
to the high surface resistance of polysilicon layer, comparable to the resistance of a bulk SO-33M wa-
fer at bonding temperature used. As a result, part of the anode current is provided by the ion flow in
the bottom glass-ceramic wafer. Despite this, the anodic sealing was successful. Prototype of a sealed
glass-ceramic cell with dimensions of 10 x 10 x 1.5 mm is shown in Fig. 5a.

a) b)

TGC TGC

Thick glass-ceramic wafer microdrilling Two-side polysilicon sputtering

c) d) Top TGC wafer

TGC TGC m

Bottom TGC wafer Bottom TGC wafer
Anodic bonding of the thin bottom Filling with an alkali dispenser and vacuum
wafer to the polysilicon layer anodic sealing with a thin TGC lid

Fig. 4. Glass-ceramic MEMS cell fabrication process
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The same bonding conditions were applied to bond SO-33M glass-ceramic to fused quartz due to the
proximity of their CTE. A polysilicon layer was deposited on the quartz sample. The bonding process
was accompanied by normal current behavior over time (Fig. 5d). The bonded TGC-quartz sandwich
after etching of the polysilicon layer in the optical cavities is shown in Fig. 5c.

In addition to alkali vapor cell technology such technology may be also promising for manufacturing
of atomic cells with Hg vapors. However, for low-temperature sealing of MEMS atomic cells with an-
ti-relaxation coatings, described fabrication process requires further optimization.

Fabrication of MEMS alkali vapor cells with neon buffer gas

Vacuum-tight silicon-to-LKS5-glass anodic bonding in neon atmosphere has been successfully ap-
plied to fabricate the Cs-Ne and Rb-Ne atomic cells (Fig. 6).

The cells fabrication process and the view of 3” wafer containing a hundred cells are shown in Fig. 6a
and Fig. 6b, respectively.

The cells were made in the form of chips with a total size of 6 x 6 x 1.6 mm. The basic cell design con-
tained two volumetric cavities with sizes of 3 x 1.5 x 0.6 mm, connected by rectangular channels with a
length of 1 mm and a width of 100 or 200 um (Fig. 6¢). Depending on the manufacturing conditions, the
real appearance of the chips could differ from the basic design (Fig. 6d—f).

A (100)-oriented 3" silicon wafer with a thickness of 400—600 um and two LKS5 glass wafers with a
thickness of 450—500 um are used for cells fabricate. The both surfaces of the wafers were polished prior
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to the process. First, 200 nm thick silicon nitride layers were deposited on both sides of the wafer, and a
mask pattern was formed on one side by direct photolithography and Si,N, plasma etching. An array of
the through-wafer cavities and the filtration channels (V-grooves trenches with a depth of 280 um) was
formed in the silicon wafer by anisotropic wet etching in potassium hydroxide solutions. To enhance
the cells performance, several filtration channels designs and alkaline etching techniques have been
developed. At the next stage, the nitride layer was removed, followed by anodic bonding of the silicon
wafer to the bottom glass. Bonding was carried out in air at 400 °C and 800 V for 30 minutes. Then,
Cs- or Rb-containing microsources were inserted in the dispenser cavities of every cell. As sources of
alkali metal vapors, solid micropills made by sintering titanium powders with 7 % rubidium or caesium
bichromate was used.

The vacuum-tight bonding of the top glass wafer was carried out at 250 °C according to the scheme
shown in Fig. 3a. Previously, a thin-film aluminum cathode was sputtered on the reverse side of the top
glass wafer. Neon at a pressure of 100—400 Torr was used as a buffer gas. The specific value of the neon
pressure in the cells for CSAC was selected on the basis of previous experimental work [23]. Anodic
sealing at such neon pressures differs from sealing in a standard air atmosphere due to the occurrence of
a gas breakdown in our bonding chamber at voltage of about 400 V. For this reason bonding voltage was
reduced to 350 V, but bonding duration was increased. The sequence of operations for cells encapsula-
tion with LKS5 lid was as follows: annealing and degassing the wafers with a gap between them in vacuum
(350 °C, 0.5 mTorr, 1 hour), cooling to room temperature, introduction of neon, annealing to 250 °C,
applying the contact force on wafers, anodic bonding for 2 hours, cooling. After sealing, the aluminum
cathode coating was removed by wet etching (both glass wafers remained transparent).
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At the final stage of the cells fabrication process, the bonded glass-silicon-glass wafer was divided
into separate chips, followed by the activation of the alkali dispensers by local laser heating according to
a well-known technique [14].

Fig. 6d shows the photo of the first cell filled with ®’Rb vapor and Ne gas under the pressure of
200 Torr fabricated by authors in 2014. The cell cavities thickness was 400 um. The relative short-term
frequency stability was estimated as 1.4-10-'0s~'/2 [15].

Fig. 6e and Fig. 6/ show the photos of the '**Cs and ¥’Rb vapor cells with the Ne pressure of 300 Torr,
respectively. These cells have improved design and 600 um thick cavities. Preliminary experiments have
shown that cell parameters dispersion for the width and intensity of the Hanle and CPT signals is from
30 to 50 %, which can be explained by differences in the modes of laser activation of cells. Relative
short-term frequency stability for best samples is 2.5-10~"' s=/2[13].

Conclusion

We analyzed the dependence of the chip-scale atomic clock short-term and long-term frequency
stability on the structural and technological parameters of the MEMS alkali vapor cells with buffer gases
or anti-relaxation wall coatings. As the analysis showed, to improve these parameters, it is desirable to
reduce the temperature of the anode bonding of silicon and glass used for MEMS cells sealing, since
the exact composition of the cell inner atmosphere significantly depends on the results of this opera-
tion. Two alternative materials, LKS5 glass and SO-33M glass-ceramic, with increased ionic conductivity
compared to the conventional glasses used in MEMS technology have been experimentally investigated
to develop low-temperature anodic bonding with silicon, fused quartz, and to each other.

Transparent lithium aluminosilicate glass-ceramics SO-33M with a near-zero coefficient of thermal
expansion provided acceptable quality of anodic sealing at a temperature of 150 °C. Intermediate thin-
film polysilicon layers were used to bond the glass-ceramic wafers to each other and to fused quartz. The
prototypes of MEMS cells with optical windows made of glass-ceramic and fused quartz were made.
The developed technology can be promising for the fabrication of alkali vapor cells with organic anti-re-
laxation coating.

We developed a technology of MEMS atomic cells containing rubidium or caesium vapors in an at-
mosphere of neon buffer gas. Two-chamber silicon cells containing an optical cavity, shallow filtration
channels and a technical container for a solid alkali microdispenser have been fabricated. We sealed
the cells by means of silicon-to-LK5-glass anodic bonding at a temperature of 250 °C. The best micro-
fabricated cells allowed us to obtain estimates of the CPT-resonance frequency stability at the level of
2.5-10" at 1 s. An acceptable reproducibility of the parameters of the cell from various series confirms
the feasibility of introducing the developed MEMS technology in the implementation of small-sized
quantum frequency standard.

This work was carried out in Peter the Great St.Petersburg Polytechnic University and was supported by a
grant of Russian Science Foundation (project No. 20-19-00146).
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FOR MEDICAL APPLICATIONS
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Microphones manufactured based on MEMS technology have been significantly applied
in medicine. However, medical application requires more sensitive and low-frequency MEMS
microphones. To achieve this goal capacitive microphones are the most appropriate as they have a
low level of noise and high sensitivity compared to piezoelectric and piezoresistive microphones.
The structure and materials enable to change electric parameters of microphones for better. To
increase sensitivity it is possible to find a membrane structure when internal mechanical resistivity
is minimal. When MEMS structures are ideally found, a frequencies range can be expanded.
Membrane flexibility can be expanded by means of applying meshes at the edges, corrugations and
springs.
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EMKOCTHbIE MOMC-MUKPO®OHDI
aAna MEAUMLUUHCKOTIO NPUMEHEHUA

B.B. Jloboda, Y.B. CanamamoBa

CaHKT-lMeTepbyprckmii MoAUTEXHUYECKUI yHMBEpcUTeT MeTpa Beankoro,
CaHKT-lMeTepbypr, Poccuitickan depepaums

MukpodoHbI, IpousBeaeHHbIe M0 TexHojJornu MOMC, HaxoAsST HOBOE NpPUMEHEHUE U
B MemuuuHe. OgHAKO IS MEOUMLMHBI HYXHbI 00Jiee 4yBCTBUTEJIbHbIE M HM3KOYaCTOTHBIC
MOBOMC-MukpodoHbl. 151 3TOH 11eau 00Jblle BCEro MOAXOISIT EMKOCTHbIE MUKPO(MOHBI, TaKk
KaK OHM UMEIOT HU3KUI YPOBEHB IIIYMOB U BBICOKYIO YYBCTBUTEIBLHOCTD IO CPABHEHUIO C The-
303JICKTPUUECKIMH W IThE30PE3UCTUBHBIMU MUKpoGoHaMHU. KOHCTpYKIIMST M1 MaTepHaibl ITO-
3BOJIAIOT M3MEHSITh 3JICKTPUUECKHUE MapaMeTpbl MUKpogOHa B JIydIIylo cTOpoHY. [1oBBICUTH
YYBCTBUTEIbHOCTb MOXHO ITyTeM I10400pa TAKOTO COCTaBa B CTPYKTYpPe MeMOpaHbI, IIPU KOTO-
poM OyayT MUHUMAaJbHbI BHYTPEHHUE MeXaHMYecKue HampsikeHus. [1ogo0paB KOHCTPYKIIUIO
MBMC, MOXHO pacIIMpUTb M YACTOTHBINM AWAara3oH. YBEJIUWYUTb MOAATIUBOCTH MEMOpaHBI
MOXHO 3a CUeT MMPUMEHEHMsI IIpope3et 1o Kpasm, rop U MPYKUH.

Kmouessie ciioBa: MOMC, EMKOCTHBIN MUKPOGhOH, HI3KOYACTOTHBII MUKPO(GOH, YyBCTBUTEIb-
HOCTh, MEMOpaHBbI.

Ccpuka mpu mutuposannn: Loboda V.V., Salamatova U.V. Capacitive MEMS microphones for
medical applications // Computing, Telecommunications and Control. 2021. Vol. 14. No. 2.
Pp. 65—78. DOI: 10.18721/JCSTCS.14205

CTraThst OTKPHITOTO A0cTyMa, pactpoctpansiemas o JuiieH3un CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/).
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Introduction

Microphones manufactured based on MEMS technology have found novel applications (microelectro-
mechanical systems) due to their miniature sizes, low energy consumption with the temperature change.
After the Internet of things technologies have been spread, the demand of miniature high efficiency MEMS
microphones for healthcare devices increased [1]. Constant monitoring of human body characteristics al-
lows detecting health problems at early stages and finding timely medical treatment. For example, article
[2] presents the research results of the correlation between blood pressure and second heart sound S2. It is
possible to check blood pressure by measuring tone heart sounds. However, the majority of MEMS micro-
phones can process the sound frequency range thoroughly (20—20000 Hz). In addition, the blood pressure
pulse frequency makes up 1.5—2.1 Hz [3]. Thus, developing low frequency MEMS microphones that can
have appropriate electrical characteristics ranging from 1 to 20 Hz has become a critical task.

This article deals with the methodology that enables expanding a low frequencies range and improving
microphones MEMS characteristics.

Microphones types: advantages and disadvantages

Currently, the market base for MEMS microphones is provided with the following microphones types:
capacitive, piezoelectric and piezeoresistive.

The operational principle of piezoelectric microphone is associated with the piezoelectric effect. This
microphone functions due to piezoelectric material that is placed on the surface of a sensing element (SE)
of a microphone, emerging voltages change in time with changing sound pressure. Such microphones are
ideal due to structure simplicity but inefficient due to high sensitivity to water and humidity penetration.
And, the piezoresistive microphone is based on a different principle, i.e. electric resistance is changed
when exposed to sound pressure.

Capacitive microphones consist of two parallel plates dividing by an air gap and function as a mass
system — a spring, where a moving membrane functions as a string; the scheme is represented in Fig. 1.
Sound pressure affecting on a membrane with certain mass forces it to oscillate; thus, resulting in changing
a distance between two plates that, in its turn, changes the capacitor and, consequently, an electric signal.

Atrticle [4] analyzes the advantages and disadvantages of piezoelectric microphones compared to ca-
pacitive microphones: low energy consumption and wide dynamic range; as well as identifying disadvan-
tages, e.g. high noise level and low sensitivity. Piezoresistive microphones, in their turn, have a low energy
consumption and high noise level compared to piezoelectric microphones. However, the authors of the
article state that piezoresistive microphones demonstrated both improved and deteriorated characteristics
unlike capacitive microphones. The majority of MEMS capacitive microphones have high sensitivity level,
flat frequency response and low noise level; so, this determined the selection of the microphones.

E Moving membrane

G AR !
T

o x
Fixed plate

Fig. 1. Schematic of capacitive microphone structure with a fixed back plate:
V' — voltage, x — membrane dislocation, ¢, — nominal capacity between a fixed plate and a membrane [4]
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Materials and construction characteristics of a capacitive MEMS microphone

The characteristics of capacitive MEMS microphones can be significantly improved by changing the
structure and materials selection. The sensing element of a capacitive MEMS microphone is a mem-
brane that registers oscillations of the acoustic range. The membrane can be fabricated from different
materials: semiconductors, metals and polymers. The majority of designers prefer ssmiconductor mate-
rials or metals as they are the most efficient in microelectronic applications. Carbon or semi carbons are
mostly preferred from semiconductor materials as a sensing element (SE) [5, 6].

Due to long connection between atoms Si-Si carbon is mostly used for developing a sensing element
(SE) to measure insignificant mechanical deformations. Local deformation of a crystalline lattice oc-
curs during a technological process of sensing element fabrication, thus resulting in irreversible areas of
mechanical stress. Mechanical stresses, in their turn, affect mechanical sensitivity and MEMS micro-
phone sensitivity, in general. To decrease a number of dislocations it is necessary to control mechanical
stresses during a technological process of fabricating a sensing element at every stage that increases the
cost of the device.

To increase mechanical sensitivity it is possible to find such content of the membrane structure where
internal mechanical stresses are minimal. For example, the combinations of dielectric films made of
carbon dioxide and carbon nitride are used [7]. This sandwich structure type where layers with the com-
bined contraction stress and elongation are generally applied. Carbon dioxide layers gained as a result of
thermal oxidation have contraction stress, and carbon nitride films have elongation stresses [8]. The de-
signers generally prefer tensile stress to contraction stress [9]. That is why silicon nitride [10, 11], metals
(aluminum) [12], as well as silicon carbide [13] are applied as a membrane material.

Ooi et al. [13] compared the sensitivity of different membranes. Fig. 2 provides an amplitude fre-
quency response (AFR) of membranes manufactured from different materials. As it can be seen in the
graph the membrane fabricated from aluminum, carbon and silicon nitride show proper sensitivity with-
in the low frequency range.

Also, silicon nitride is appropriate as an additional layer for carbon to decrease residual stresses.
Grigoriev D.M. et al. [14] decreased residual stresses in the center of the back electrode owing to a thin
layer of silicon nitride.

Besides the membrane there is also a back plate in a microphone. Semiconductor materials are wide-
ly applied in MEMS fabrication processes. A positively charged membrane (semiconductor of p-type)
and a negatively charged back plate (semiconductor of n-type) function as positive and negative results,
respectively. The majority of researchers used Si and poly-Si as a back plate material for the same reason
— compatibility with microelectronic technologies and appropriate mechanical and electric material
properties.

Mechanical sensitivity depends on multiple factors, including the membrane material as the least as
it is mostly affected by sensing element form and sizes. For example, article [10] sates that membrane
sensitivity fabricated from carbon nitride increased up to —48 dBV/Pa by changing a membrane form.

The majority of articles devoted to MEMS microphones state that a SE form has a square and circu-
lar form. The form of the MEMS microphone influences the characteristics and their repetitive cycle. As
it has been described above, the membrane material has always certain structural defects due to which a
SE has internal and residual stresses. A membrane functions under changing pressures conditions, and
the residual stresses in the elastic stress area can contribute to forming new structural defects and distort
device characteristics [15]. The researchers carried out simulation of elastic stress in square and circu-
lar membranes. It turned out that a square membrane has significant and unevenly distributed elastic
stress on the fixing borders and at the corners and the center. A circular membrane has smaller values of
elastic stress evenly distributed along the contour in the membrane material. Consequently, a circular
form suits best for this purpose. This fact his been supported by the application of sensing elements in
commercial MEMS microphones that have a circular form.
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Fig. 2. AFR MEMS microphones with membranes fabricated from different materials [13]

The geometric approach to changing or optimizing a membrane design — a simpler way allowing im-
proving mechanical sensitivity. Mechanical sensitivity can be controlled by membrane topology and sizes.
It is important to refer to the formula of the mechanical sensitivity for a flat circular membrane [16]:

" Scdtd ’

(D

where R — membrane radius, ¢ i membrane stress, ¢ s membrane thickness.

It should be stated that mechanical sensitivity increases when the membrane size increases too. But the
current trend focuses on a high level of miniaturization of microphone sizes; so, it does not seem feasible
to increase sensitivity by increasing sensing element (SE) sizes. Mechanical sensitivity increases when the
thickness increases. A rather thin membrane with a large radius has a bigger flexibility but at the same time
it can be rather fragile and have strong mechanical stresses, a thick membrane with a small radius has a
small flexibility; as a result, a poor flexibility. Therefore, it is necessary to find an optimal size correlation.
Atrticle [17] discusses the researches on capacitive microphones and provides the data on main micro-
phone characteristics in the table. Having analyzed the table data, the measurements have been made: the
average membrane diameter makes up 600 micron but the thickness makes up 1 micron.

It is important to take into consideration the material, form and sizes of a membrane. It is necessary to
consider engineering solutions aimed at decreasing effect of mechanical stress such as slots at the edges,
corrugations and spring membranes.

To minimize the residual stresses that emerge after fabricating a sensing element Ming-Chih Yew et al.
suggested making slots at the edges of a membrane (Fig. 3) [18]. The maximal residual stresses focus on the
stationary part of a membrane and lead to bending in the radial direction. Radial direction bending can be
reduced by making certain number of slots along the circumference.

One more approach applied to decreasing the residual stresses is to design corrugated membrane. Ear-
lier multiple researches on corrugated membrane have been carried out to eliminate the mechanical sen-
sitivity. It has been stated that the depth of corrugation and the membrane thickness are rather important
factors to design the equivalent level of noise a corrugated membrane that influence flexibility [16].

Atrticle [19] analyzed the influence of corrugation parameters on microphone characteristics by ap-
plying the finite element method in COMSOL Multiphysics program. The simulation of mechanical
sensitivity in correlation to depth of corrugation has proved that rather deep corrugation decrease the
membrane tension. The authors of the article have chosen the depth of 3.3 micron, and the research
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Fig. 4. Mechanical sensitivity of different membrane types [21]

on influence of such depth of corrugation on sensitivity and the equivalent level of noise. Application
of more flexible corrugated diaphragm result in increasing the sensitivity from 0.5 to 2.9 mV/Pa and
decreasing the equivalent level of noise from 54 to 39 dB (A).

Though more advanced research state a number and thickness of corrugated influence the mechanical
sensitivity [20, 21]. S. Shubham in [21] studied the influence on number and thickness of corrugated on
the acoustic flexibility. A circular membrane has been obtained from carbon nitride, its diameter makes
up 1.4 mm, and the thickness makes up 1.1 micron and depth of corrugation makes up 3.5 micron. The
membranes with one, two and three corrugations have been studied. The analysis of the dependence
of the acoustic flexibility from number and thickness of corrugations showed that the high flexibility
(13.8 nmicron/Pa for a membrane with the membrane stress of 120 MPa) can be for 3 corrugations with
the width of 65 micron (the width correlation to the depth makes up approx. 60:1). Similar results have
been achieved by the authors [20]. The results analysis has showed that the maximal mechanical sensi-
tivity of 22 nmicron/Pa has a membrane with 8 corrugations.
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The method described below consists in applying a spring to fix a membrane to a microphone case. Ar-
ticle [21] analyzed different spring types and the finite element method simulation has been used to check
their sensitivity. Fig. 3 illustrates the spring types, and the chart shows mechanical flexibility of the spring
membrane and the circular membrane. As it can be seen from the chart, the membranes with thin and long
springs have larger mechanical flexibility and higher sensitivity level (Fig. 4 ) compared to the membranes
with short and thick springs.

The arrangement of the acoustic hole affects the frequency range and sensitivity. Grigoriev et al. [22]
have identified the correlation between the holes arrangement on a case and AFR of a microphone. Fig. 5
shows the graph of dependencies.
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So, the arrangement of a single acoustic hole on the circuit can be an optimal solution for linear AFR.
First, it seems logical to determine submembrane and supramembrane volume. The detailed clarification
is provided in Fig. 6.

The microphone with an acoustic hole on a lid has a decline in AFR at low frequencies. It can be
explained by the fact that when decreasing a submembrane volume the resistance increases that moves
a membrane, i.e. sensitivity decreases Consequently the frequency in the low range can be improved by
increasing a submembrane volume.

Technique to decrease background noise

Low efficiency of a microphone is mostly correlated with the background noise regarding frequency
and sensitivity. The background noise is an important characteristic that sets minimal identified acoustic
stress and limits on the microphone sensitivity [23]. The background noise consists of both external sourc-
es: radio interferences and vibrations and internal ones: mechanical and thermal, fluctuation, electric and
thermal noises as well as an amplifier noise and a flicker noise [23]. To eliminate external noises can be by
means of microphone packaging with radio and vibration stability. Internal sources are difficult to be elim-
inated. The problem of an amplifier can be solved by changing a regular amplifier into a low noise amplifier
as it has been applied in, for example, a commercial microphone IM69D120 [24]. A flicker noise has a low
frequency noise (approx. 0.1—10 Hz) with the density that is inversely proportional inversely proportional
to the frequency. Flicker noises are illuminated by increasing chopper amplifiers into the circuit [25]. The
study of eliminating such noises has become a wide research scope requiring the analysis of circuit tech-
nique solutions that are not researched in the article.

Membrane moving negatively affects thermal movement of molecules that further influence mechani-
cal and thermal noise. Air thin film moving between the back plate and the membrane results in dempering
of the condensed film that can negatively influence the dynamic response of the system. The dempering
problem is normally eliminated by etching holes on the back plate and the membrane and by finding an
optimal thickness of the air layer. Also, plates perforation enables easing the etching of low layers during
the micro processing. To decrease dempering of the condensed film, it is necessary “to drill” more and
more holes nut every new hole adds its own resistance to the total dempering as besides this there is the
resistance of the vertical air movement through the holes [26]. So, the holes number and size as well as their
arrangement influence the dempering mechanism.

Tan C. et al. has carried out a profound analysis of correlation between holes arrangement on the back
plate and the sensitivity of the no load operation and the background noise level. The AFR analysis pro-
vided in [27] showed that the holes moving from the center to the plate edge can expand the operational
frequency range but insignificantly changes the sensitivity. The microphone has the minimal noise when
the holes number makes up 24, and the minimal noise is when the holes number is 8. So, it is obvious that
sensitivity increase is achieved by increasing the holes number.

The scientists [26] have identified an analytical equation to calculate the minimal coefficient of dem-
pering and calculated the dependence of the holes number from AIR. AIR is understood as correlation of
the hole squared radius to the distance between the holes. When AIR is = (.32, the holes number can be in-
creased to 1,300. Although it is important to keep in mind that an increase of holes leads to decreasing the
surface area of the back plate and sensor capacity, respectively. The capacity decrease results in decreasing
the electrical sensitivity.

Also, the research [23] analyzed the influence of the air layer thickness on the noise and sensitivity level.
The authors of the article have concluded that a thin air gap leads to increasing dempering and cause a low-
er flow rate and higher mechanic and heat noise. The situation is reverse with an air gap: gap increase leads
to decreasing capacity and increasing dislocation stress supplied to a microphone. The increase in voltage
characteristics results in microphone increased consumed power. These conclusions are confirmed by the
article results [28], where microphone CV-characteristics have been calculated for different thicknesses. A
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microphone has the pull in voltage level of 10V with the thickness of 2 micron and the maximal capacity of
approx. 2 pF and the pull in voltage level of — 10V with the thickness of 1 pF, respectively.

Besides the back plate, a membrane has to be supplied with holes. Ventilation holes are thin channels
in a sensing element (SE) which align or compensate for the membrane pressure from both sides. These
certain holes contribute to noise in a lower part of the sound range [29] (Fig. 7). The research [30] provides
the chart of Spectral noise density.

The holes arrangement in the membrane differs in various articles. The authors of articles [29—31]
spaced the ventilation holes at the membrane edges. The article [32] considers the ventilation holes to be
evenly distributed along the membrane. The significant positive results have been achieved in the research
[33]. The authors of the article perforated the holes in the amount of from 4 to 36 at the membrane edges.
It turned out that the low threshold frequency value of 2 Hz was obtained on the membrane with the small-
est hole dimeter (5 micron) and smallest holes number (4 holes).

Modern microphones reviews

Based on the above stated, certain types of MEMS capacitive microphones have been studied [31,
33-36] which have sufficient electric characteristics. Structural and electric characteristics of such micro-
phones have been presented in Table 1.

MEMS microphones [34] have high SNR compared to others. Such characteristics have been achieved
by means of reducing squeeze film dampering by increasing an air gap up to 4 micron due to making 60.8 %
of perforated holes areas and 34 % of ventilated slots areas in the membrane. However, such high percent-
age of occupied space in the membrane negatively affects the low frequency area that is confirmed by the
designers. Spring membranes significantly stretch when inclined and pass the signal in the low frequency
area. This research also focuses on the solution with two back plates leading to the dynamic range increase
of 3 dB(A). Such a structure strengthens mechanic and heat noise because of two dampering areas because
such increase in sensitivity does not justify deterioration of general operational dynamic frequency range.

Similar structure and sizes have a microphone described and studied in [33]. On the other hand, it has
an insufficient signal/noise ratio as the acoustic window is located above the ASIC circuit (Fig. 8), and the
microphone has a tiny air layer.

Article [36] describes a commercial low frequency microphone with the operation frequency ranging
between 6 to 20 000 Hz. Having analyzed the datasheet, it was supposed that ICS-40300 microphone de-
signers have gained these characteristics by increasing submembrane space and peculiar ASIC circuit de-
sign. The microphone case height increased from the typical size of 1 to 3.5 mm. Table 1 data allows con-
cluding that every microphone is designed in accordance with the standard requirements: the frequency
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Fig. 8. Structure of the MEMS microphone [33]

range of 20(100)-20000 Hz, sensitivity of approx. —40 dBV/Pa, signal/noise ratio of approx. 60 dB(A); as
such microphones are mainly applied in smartphones and hearing aids where low or high frequencies are
not required. Nevertheless, there is a steady increasing demand for low frequency microphones because
of developing technologies and implementations of MEMS microphones in the form of sound pressure
sensors in medical devices.

Conclusion

The article analyzed microphones types, their advantages and disadvantages, material and structural
characteristics of capacitive MEMS microphones and methods and techniques to decrease background
noises as well as particular types of the developed microphones. The analysis has shown that the research-
ers have gained results and improved electric characteristics of capacitive MEMS microphones. Mean-
while, only a few articles deal with low frequency ranges. So, since there is a steady increasing demand for
such devices, the research into these aspects seems promising and critical.
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METOAUKA NMPOEKTUPOBAHUA MUKPOMEXAHUYECKOIO
AATYUKA HA OCHOBE KOMIMJTIEKCHOU CUCTEMHOU MOZE/IN
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UHWN «3nekTponpubopy,
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IIpennoxeHa MeToauka MPOESKTUPOBAHUS MUKPOMEXaHUYECKUX WHEPUUATbHBIX NaTYMKOB
KOMIIEHCAIIMOHHOTO TUIIA, B KOHTYPE YIPABICHUS KOTOPBIX MPUMEHEH JeIbTa-CUTMa MOIYJISITOP.
Pa3paboTka Takux 1aTYNKOB TPEOYET COBPEMEHHBIX METOJOB MPOEKTUPOBAHU S, BKITIOYAOIIUX MO-
JIeJIMPOBAHUE HA CUCTEMHOM YPOBHE, YTOYHEHME MOJIEIIH 110 Pe3yJIbTaTaM KOHEYHO-3JIEMEHTHOTO
MOJIEJIMPOBAHUS Y MOJEIUPOBAHMS OTIENbHBIX OJJOKOB KOHTYpa YIIPaBJICHUs HA CXEMOTEXHUYE-
CKOM YpOBHE, a TaKXKe peain3alnio HMdPOBOTo ABOMHUKA MO pe3yIbTaTaM 3KCIEPUMEHTAIBHOTO
uccienoBaHus 00pa3oB. Takoil KOMIUIEKCHBIN MOIXO/ K TPOSKTUPOBAHUIO OOYCIOBIIEH BBICOKH-
MU TpeOOBAHUSIMU K XapaKTEPUCTUKAM JaTYMKa (KaK B YaCTU TMHAMUYECKOTO AMAIa3oHa, Tak U
B 9aCTH TOUHOCTHBIX XapaKTEePUCTUK), HEOOXOMUMOCTBIO YUeTa pa3nnuHbIX (DU3NK IJIsT OMTUCAHUS
MPOLIECCOB, HEOOXOAUMOCTBIO OLICHKU BIUSIHUSI BHEITHUX BO3IEUCTBYIOIIMX (haKTOPOB, HEBO3-
MOXHOCTbBIO MPOBENEHUST OBICTPOr0 MaKEeTUPOBAHUSI, HEOOXOIUMOCTBIO yyeTa BIAUSHUS Ha Xa-
PaKTEepUCTUKHU JaTYMKa MapaMeTPOB TEXHOJIOIMYECKOTO Mpoliecca U ap. B ¢Bsi3u ¢ 3TUM B cTaThe
MpeUIoKeHa KOMITJIEKCHAs! METOJAMKA MPOEKTUPOBAHUS MUKPOMEXaHUYECKUX AAaTYMKOB Ha OC-
HOBe cucTeMHOU Monenu. [IpuBeaeHbI pe3yabTaThl SKCIIEPUMEHTATBHOTO UCCIEIOBAHUS TaTYMKa
KOMTIEHCAIIMOHHOTO TUTIA C TPUMEHEHUEM TPEIJIOXKEHHON METOINKH.
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Introduction

Due to their small size and power consumption, as well as their low cost in mass production, micro-
electromechanical sensors (MEMS) are an integral part of modern small-size navigation and motion
control systems [1, 2]. Inertial MEMS include micromechanical accelerometers (MMA) and gyro-
scopes (MMG), designed to determine the linear acceleration and angular velocity of the object, re-
spectively. The use in navigation and motion control systems imposes strict requirements on MMAs and
MMGs [1, 2]:
wide measurement range from & 200 to + 7000°/s — for MMG and from * 2 to * 50g — for MMA,;
low non-linearity of the sensor output — at level of 0.01 %;
wide dynamic range — more than 100 dB;
high temporal stability of output signal — at 5°/h for MMG and 0.01 mg for MMA
robustness to external influences (temperature variations from minus 60 to plus 85°C, impact and
vibration, etc.) — at 100°/h for MMG and 1 mg for MMA.

Such requirements can be achieved by applying comprehensive solutions at the design level:

- by using multiple proof mass sensing elements [3—6];

- by utilizing specialized integrated circuits, in particular compensation circuits with a delta-sigma
modulator in the control loop [7—17];

- by using temperature stabilization systems, etc.

Complication of inertial MEMS architecture, impossibility of fast prototyping, necessity of simulta-
neous modelling of blocks of integrated circuit and sensing element, the need to consider influence of
external influencing factors and different physics for describing processes, as well as influence of tech-
nological process parameters require to design MEMS based on an accurate mathematical model. The
existing design methodologies and mathematical models of inertial MEMS they are based on [18, 19] have
a number of drawbacks:

- the electronic blocks processing output signal are not considered at all or considered in a simplified
manner;

- the sensing element is represented by lumped parameters (elastic rigid suspension stiffness, electrode
structure capacitance), determined separately analytically or by finite element analysis;

- the model does not take into account experimental data.

In this regard, this paper proposes a comprehensive methodology for designing capacitive inertial
MEMS based on the system model that takes into account the main electronic blocks of output signal
processing, the results of coupled finite-element modelling of the sensing element and the results of
experimental studies. Thus, a prototype of a digital twin sensor is implemented in the course of the design,
which allows increasing its accuracy. The methodology is considered on the example of MMA and MMG
developed by CSRI Elektropribor, JSC.

Object of study

The main parts of capacitive MMA and MMG are:
- asensing element (SE), designed to convert the input acceleration into a change in capacitance;
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- application-specific integrated circuit (ASIC) designed to convert the capacitance change into digi-
tal data and control the SE in case of the compensation operating mode of sensor.
The SE can be described by second order transfer function based on system of equations:

o a a
J|Pp|+D|p|+K|p|=M,
¥ ¥

(1

Y

X
m|y|+d|y|+k|y|=F,

B : z

z z

where x, y and z — displacement of proof mass along the axes OX, OY, OZ respectively; a, 3, Y — rotation
angles of proof mass around the axes OX, OY, OZ respectively; J — inertia matrix; m — proof mass; d and
D — linear and angular damping matrices; k and K — linear and angular stiffness matrix; /' and M — matrix
of forces and moments, acting on the proof mass.

For the case of translational motion of the proof mass along one axis, in the absence of electrical and
mechanical connections along the other axes, system (1) can be transformed into the following form:

mi+d 5+kx=F, )

where dy — damping factor along the axis OY; ky — stiffness along the axis QY; Fy — the projection of the
acting forces on the axis OY.

In order to convert the proof mass displacement into a change in capacitance and to create the elec-
trostatic force that provides the compensation mode SE includes an electrode structure characterized by
a capacitance-displacement relationship C(x) and electrostatic force from electrode voltage relationship
F(x, U).

The further conversion of capacitance to voltage is done in the IC. In order to achieve low noise, wide
dynamic range and low non-linearity [7], an electronic feedback control loop based on digital delta-sigma
modulator that forms an electromechanical loop with SE is implemented. Together with the implemen-
tation of time division multiplexing of sensing and driving signals, this reduces the influence of undesira-
ble nonlinear mechanical effects, nonlinearities in the capacitive electrode structure, and the mechanical
and electrical parasitic interactions caused by the use of silicon-on-insulator manufacture technology of
the SE.

Ideally, equation (2) can be used to describe a uniaxial SE of MMA with the sensitivity axis directed
along the OX axis.

The difference between MMG and MMA is that its principle of operation is based on conversion of
vibrational energy of SE on the primary axis into vibrational energy orthogonal to it secondary axis. The
oscillations along the secondary axis contain information about the measured angular velocity acting on
the proof mass of the MMG along the sensitivity axis orthogonal to the first two axes.

In ideal case, the behavior of single axis RR-type MMG SE (Fig. 1) can be described by the following
equation:

Jyy+Dyy+Kyy =M,,, )
Jo+Do+K a=M,,
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Fig. 1. Schematic diagram of MMG SE developed by CSRI Elektropribor, JSC

where v, o — angular displacement of the proof mass along the primary and secondary axes respectively;
Dy, D — damping coefficients of the proof mass along the primary and secondary axes; Ky, K — coeffi-
cients of angular stiffness along the primary and secondary axes; Qy — projection of angular velocity of SE
to sensitivity axis; Jy, J(1 — moment of inertia of the proof mass relative to the primary and secondary axes;
M, ,— electrostatic moment acting on the proof mass; M, =—2J,Q ﬂ — Coriolis moment.

Regarding this, the control system of the MM G working in the compensation mode, in addition to the
circuit with secondary axis feedback, must have a circuit for excitation and stabilization of the primary
oscillations. In this case, the accuracy of primary oscillation amplitude directly affects the accuracy of the

Sensor.
Design methodology of the inertial MEMS

The design methodology is shown in Fig. 2 in the form of block diagram.

The methodology is split into several steps. The first step is to build a linear system model of the force
feedback sensor. The objectives of this stage are:

- estimate the initial parameters of the mechanical part of the SE, such as stiffness and damping coef-
ficients;

- estimate the conversion coefficients of displacement into change in capacitance and of electrode
voltage into electrostatic force, characterizing the electrode structure of the SE;

- parameter estimation of main integrated circuit (IC) blocks: capacitance-to-voltage converter
(CVC), low-pass filter (LPF), analog-to-digital converter (ADC) and electronic blocks of delta-sigma
modulator (ZA-M).

In the second stage, the developed system model is refined taking into account the features of SE and
IC, such as the type of electrode structure, parasitic electrostatic forces arising between the sensing elec-
trodes, sensing and excitation method of SE, noise level of SE and IC [19]. This stage allows estimating
the impact of the parameters due to a certain SE and IC architecture on the device behavior embedded in
the linear model. In the third stage, the nonlinear behavioral system model is complemented by the results
of finite element modelling of the SE [20] and schematic-level simulation of the output signal processing
circuit [21]. At this stage, the parameters of the developed SE are verified and corrected: parameters of the
elastic rigid suspension and electrode structure, as well as damping coefficient are specified, parasitic ca-
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Fig. 2. Block diagram of design methodology

pacitances are added. In addition, the characteristics of the electronic blocks in the IC are specified based
on the results of simulation for particular blocks.

In the final design stage, the model is further improved on the basis of experimentally obtained charac-
teristics, such as temperature dependencies, thus implementing the digital twin concept.

General linearized system model

The control unit for a MMG with the characteristics given in the introduction must comply with the
following requirements:

- form a time division multiplexing of sensing and driving signals;

- provide a defined level of non-linearity, due to the electrostatic force generated in the presence of
voltage on the SE electrodes;

- provide the required dynamic range and noise level.

The requirements described above determine the design of the control unit based on a sigma-delta
modulator (XA-M). Required dynamic range is achieved by oversampling and filtering that shifts quanti-
zation noise into the higher frequency band (Noise-shaping) [7]. So, the 4™ order XA-M realizes dynamic
range of more than 100dB.

The proof mass of the SE, captured by electrostatic feedback, allows the mechanical transfer function
of the SE to act as a part of the XA-M and increases the order of the delta-sigma modulator by 2 without
implementing additional integration units [7—15].

The possibility of designing an electromechanical XA-M emerges from the equivalence of the noise
transfer functions of an all-electronic 4™ order XA-M and an electromechanical XA-M formed by a SE
and a 2" order XA-M. Fig. 3 shows the output spectrum of a XA-M with identical noise transfer func-
tions of an all-electronic and a 4™ order electromechanical ZA-M. The figure shows the equivalence
of the spectrum of the electrical and electromechanical delta-sigma modulator output signals, which
indicates that the electronic part of the electromechanical delta-sigma modulator is properly tuned to
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Fig. 4. Block diagram of the secondary oscillation loop

a certain eigenfrequency of the SE. Fig. 4 is obtained at a sampling rate of 400 kHz and a frequency
resolution of 1 Hz.

In accordance with the methodology, a linear system model of the MMG was designed. The block
diagram of the secondary oscillation loop is shown in Fig. 4.

The model consists of the following main elements:

1) Sensing element

The transfer functions formed by equation (3) are used to describe the SE. The values of stiffness and
damping coefficients correspond to eigenfrequencies of primary and secondary oscillation modes of 8 and
8.2 kHz, respectively; quality factors are 80000 and 3000. Moments of inertia with respect to the primary
and secondary axes are 6.77-10-'3 and 4.3-10~* kg-m?.

Electrode structure of an RR-type SE is described by coefficients of conversion of angular displace-
ment into change of capacitance and conversion of electrode voltage into torque. Values of coefficients for
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primary axis electrode structure are 7.2:10~'' F/rad and 1.8:10~"" V>m/N and for secondary axis electrode
structure are 1.98-10~° F/rad and 1.74-10~'° Vm/N.

2) Capacitance-to-voltage converter

We chose a switched capacitor circuit CVC because it utilizes the following features:

- adjustment of the conversion coefficient by means of control registers;

- implementation of the required values of resistors and capacitors with limited area;

- use of bias compensation techniques to improve the parameters.

In addition, such circuit has a low sensitivity to temperature changes and a reduced noise level.

In accordance with the SE model, the CVC must be able to operate with a static capacitance of
(4+2) pF with a detectable capacitance variation of +2 pF, the range of conversion factors is 0.5 to
0.95 V/pE. The characteristics of CVC heavily depend on the operational amplifier’s performance. For
the 400 kHz clock frequency case, the amplifier gain-bandwidth product must exceed 2 MHz [16, 17].
The DC gain must exceed 80 dB. The required signal-to-noise ratio and non-linear distortion must be
at least 80 dB.

Based on these requirements, we designed a fully-differential folded cascode operational amplifier with
a complementary input pair and a class AB output stage. Complementary pair at the input of the amplifier
allows operation with input voltages that have an amplitude from ground to power supply. The class AB
output amplifier stage provides a large current, which in turn allows the operational amplifier to operate
with a resistive load or with a large capacitive load. A continuous time common-mode feedback circuit has
been implemented to stabilize the amplifier’s operating point. The designed amplifier has the following
characteristics: DC gain 108 dB, phase margin 64 degrees, 70 MHz gain bandwidth, signal-to-noise and
nonlinear distortion ratio 92 dB, current consumption 1.1 mA.

3) Low-pass filter with programmable gain

A low-pass filter (LPF) is required to suppress unwanted signals in the high-frequency band before the
signal can be digitized. This is also called an anti-aliasing filter.

CMOS technology utilizes active RC filters or switched-capacitor filters. Switched-capacitor filters
have low sensitivity to process variations because the filter characteristics are determined by the ratio of ca-
pacitors’ values and the characteristics of the operational amplifier. However, the proper operation of such
filters requires operational amplifiers with a sufficiently wide bandwidth and high gain. The characteristics
of the operational amplifier developed for CVC, meet these requirements. In this regard, LPF is also based
on this amplifier. In this paper, a first order filter is used. The bandwidth of the LPF can be adjusted by the
control register within 5.4—25 kHz and the gain within §—32 dB.

4) Analog-to-digital converter

An ADC with at least 13-bit resolution, a conversion rate of 500 ksps and a low phase delay is required
for a MMG with these characteristics. Successive-approximation ADC satisfies these requirements. The
schematic implementation of the successive-approximation ADC utilizes a differential capacitive digi-
tal-to-analog converter. The successive-approximation register is implemented using synchronous digital
circuitry.

Nonlinear behavioral model

At this stage, the model takes into account nonlinear dependencies to describe the “gap-closing” elec-
trode structure of the secondary SE axis:
- displacement to capacitance conversion

€,
=G ar,
p

where o0 — angular displacement of the moving mass on the secondary axis; S — electrode overlap area;
g, = 8.854e""> F/m — vacuum permittivity; d — electrode spacing;

“)
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- electrode voltage to electrostatic torque conversion
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where U — electrode voltage.

In addition, the model is enhanced by a detailed description of the sensing and driving methods. Time
division is taken into account (Fig. 5), as well as the parasitic electrostatic moment acting on the sensing
electrodes.

Since the sensor operates in the compensation mode in the zero point region, the nonlinear harmonics
in the output signal must also tend to zero.

Refined system model with regard to the results of FEM-analysis of SE design

In order to further improve the parameters of the SE, in particular to take into account the full, unsim-
plified geometry, boundary effects, parasitic effects, technological errors, as well as high-frequency har-
monics caused by natural vibrations of the electrodes, we performed a finite-element analysis of the entire
structure and its individual elements in the COMSOL Multiphysics [20]. The results were transferred to
system model (Fig. 6).

1
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Fig. 6. Refined system model with regard to the results of FEM-analysis of SE design
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Simulation results

Fig. 7 and 8 show the spectrum of the output signal of the delta-sigma modulator and its enlarged frag-
ment, showing the area around the frequency of 8 kHz, obtained by simulation of the refined system model
in Matlab/Simulink.
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Fig. 7. Output spectrum of delta-sigma force feedback gyroscope including additional effects
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Fig. 8. Enlarged area of the output spectrum around the 8 kHz frequency
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The output signal spectrum corresponds to the spectrum of the output signal for the electromechanical
delta-sigma modulator with the 8 kHz eigenfrequency of the SE, presented in Fig. 3 and obtained for the
refined system model. The spectrum shows nonlinear distortions at multiples of harmonics and the effect
of the electronic blocks transfer functions on the noise spectrum. A signal-to-noise ratio of more than
80 dB is achieved for a bandwidth of 100 Hz. Fig. 7 and 8 are obtained at a sampling rate of 400 kHz and
a frequency resolution of 1 Hz.

Test results

Fig. 9 shows a block diagram of the corresponding to the testbench. The analog part of the prototype
(CVC, LPF and ADC blocks) is implemented in the form of an integrated circuit, manufactured at the
X-FAB factory using XHO018 technology. Due to the complexity of the control system algorithms and re-
quirement for flexible adjustment of analog and digital blocks, taking into account the parameters of the
real SE, the digital part of the processing circuit is implemented using FPGA. Based on the system model,
the optimal values of the system parameters were obtained, in particular, the shape of the control pulses,
the coefficients of forward and backward connections in the XA-M, the coefficients of digital filters, the
amplification coefficients and the value of phase delay, etc. We used the interface board and LabVIEW
software to support data processing and analysis on a personal computer (PC). It is also possible to use the
SPI interface to work with the register memory of the IC and the FPGA, to write data from the output of
each block and to perform real-time testing and configuration. The output signals of each digital block can
be analyzed in time and frequency domain.

As a SE, we employed the RR-type MMG SE developed at Concern CSRI Elektropribor, JSC.

Fig. 10 shows the measured electromechanical XA-M output signal of force-feedback MMG. The
output spectrum shape corresponds with that shown in Fig. 8. For the assembled prototype, the eigen-
frequency of the particular gyroscope SE sample is 8.8 kHz. We configured the electronic part of the
2A-M, so that the maximum signal-to-noise ratio is achieved at the specified eigenfrequency of the
particular SE. For the implemented prototype, the signal-to-noise ratio was experimentally obtained at
60 dB at the least, which may be due to the inaccuracy of coefficient transfer in digital form, as well as
extra unaccounted system parameters when setting the coefficients.

Microassembly

Integrated circuit
(Analog part)

—_———— e —_——_ b — —_ —a

FPGA DE2-115

NI-8451 >
PC ¥ abviewssel [€ % (Digitalpart)

>

Analog amplifier
circuit

ZA-M Output

Fig. 9. Testbench block diagram
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Fig. 10. Spectrum of electromechanical XA-M output obtained from testbench

Conclusion

The paper proposes a methodology for the design of inertial MEMS based on a system model. We de-
veloped a system model taking into account real parameters of SE, such as nonlinear effects and parasitic
dependences, feedback structure architecture, parameters of analog and digital processing blocks, as well
as experimental data. Designed system model allows to develop requirements for the IC blocks, and to
evaluate the performance of individual blocks and the entire gyroscope.

The addition of experimental data, SE and IC parameters of the system model allow the implementa-
tion of the digital twin concept to improve design results.

The assembled IC prototype, which includes the analog part, with the digital part on the FPGA allowed
us to perform an additional study of MMG and verify the inherent engineering decisions with the minimi-
zation of risks in the development of the specialized IC.

Following the results of prototype studies, we introduced the digital part on the FPGA into the special-
ized IC and launched its manufacturing.
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