ENERGY ENGINEERING AND CONTROL SYSTEMS

Volume 4, Number 1, 2018

Temper ature Dependence Estimation of the Vibration and Frequency
Sensor Resonator M echanical State

Roman Baitsar, Roman Kvit"
Lviv Polytechnic National University, 12, S, Bandera Sr., Lviv, 79013, Ukraine
Received: March 12, 2018. Revised: March 23, 2018. Accepted: April 03, 2018
© 2018 The Authors. Published by Lviv Polytechnic National University

Abstract

The complex of technological and metrological researches concerning devel opment of filamentous monocrystals
application and fixing methods on various materials of substrate (elastic elements) is considered. The ways of
uncontrolled distortions avoiding of the initial monocrystal defect-free structure that can occur at the nodes of its
mounting and reduce the Q-value of the resonator oscillations, which isthe main characterigtic of the tensotransducer
quality, is shown. With this the monocrystal mechanical state should correspond to the stress at which its heating
from the electric power supply current would not cause a noticeable monocrystal compression. The temperature
dependence of deformation of a monocrystal resonator, which is a sensitive element of a vibration and frequency
sensor in the operation temperature range, is studied. The factors that determine the temperature dependent
deformation component of the resonant tensotransducer made of the semiconductor monocrystal are analyzed. The
directions of vibration and frequency sensors characterigtics optimization are indicated by purposeful control of the
monocrystal deformation initial level, which is achieved by the choice of appropriate structural materias, as well as
technological methods of their production.
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1. Introduction

The analysis of the current state of sensors development and production confirms that one of the most promising
methods to improve their metrological and operational characteristics is the application of information processing
algorithmic methods. However, this requires a sufficiently high sability of the characteristics in the time and
reproducibility of the measurement results by the sensors themselves. The most acceptable for this are transducers of
the input quantity into an eectric signal that varies by frequency. The most widely used are transducers with
mechanical resonators which are Q-value oscillatory systems [1-8].

Particular attention should be paid to resonance tensotransducers from filamentous monocrystals of silicon and
silicon- germanium alloy [9, 10], which are grown by the method of chemical transport reactions, have a perfect
crystal structure and have no defects. The monocrystal's elastic properties exceed the properties of bulk crystals by a
factor of hundreds, and their strength limit corresponds to a deformation of several percent. This set of properties
permits the implementation of a monocrystals-based oscillatory system with the maximum possible Q-value, stability
and reliability. A small value of the silicon density (2.33-10° kg/n) allows supporting the oscillations at minimum
values of excitation energy. The bresking strength of monocrystals with diameter 5 10° m reaches up to 10° N/n?,
which ensures the maximum (as compared to any other known materials) value of its own frequency per unit length
of the crystal. The oscillating element from the tenzosensitive monocrystal changes its eectrical resistance at
deformations due to its transverse oscillations, which allows removing from the element an alternating electric signal
with tens of millivolts voltage.
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Such semiconductor vibration and frequency sensors with sendtive elements in the form of monocrystal
electromechanical resonators showed high sensitivity, stability, linearity and reproducibility of the output signal
characteristics [11].

The monocrystal initial mechanical state, that is its deformation at zero input signal, determines the basic output
characteristics of the vibration and frequency sensor. Therefore, studies were conducted to improve output
characteristics by purposeful regulation of this deformation.

The study of monocrystals deformation temperature dependence determines dilatometric properties of the
resonators being devel oped and their production technol ogy.

2. Principle of vibration and frequency sensor resonator operation

The principle of the resonator operation isillustrated in Fig. 1. Structurdly it containsalining 1 (elastic el ement)
from silicon, sapphire, quartz, ceramics, on the surface of which ametal film 2, which serves as an exciting el ectrode,
is preformed. The ends of the crystal 3 with current conductors 4 are fixed in the nodes 5 on the plate. When using the
lining from a semiconductor material, the excitation electrode is the plate itsalf, on the surface of which an electrical
contact 6 isformed.

Fig. 1. Design scheme and genera form of the el ectromechanical resonator

Under the effect of electrostatic excitatory force between the crystal and the lining, a transverse mechanical
oscillations of own frequency arise in the monocrystal, which, as a result of the tensoeffect, are converted into
electrical oscillations with a doubling frequency [11]. With the external mechanical effect on the lining, its
deformation is transformed (transferred) to the monocrystal changing the frequency of its own mechanical
oscillations, and hence the output signal frequency.

One of the research areas related to the improvement of sensors metrological characterigics was the
development of monocrystals application and fixing methods with the help of glass crystal cements on different types
of substrates.

3. Mathematical model of theresonator mechanical state

The initial deformation ¢ of the monocrystal which isrigidly fixed on the lining can be represented as a sum of
two components. temperature independent eon and temperature dependent eor

€ (M= €on T €or M.
In the case of applying aternating voltage the electrostatic force of interaction between the monocrystal and the

exciting electrode will lead to monocrystal dynamic deformation, which consists of the constant component of tension
eoe and the harmonic component of tension €. . The components soe and eo(T) determine the transducer resonant

frequency. The constant component of monocrystal deformation can thus be presented as
eo(T) =egy +epe teqr (T) .

If the monocrystal thickness is much lower than the thickness lining, then temperature dependent deformation
component is determined by the temperature coefficients of linear expansion (TCLE) of the monocrystal material oy



Temperature Dependence Estimation of the Vibration and Freguency Sensor Resonator ... 47

and the lining material «,, aswell as a technological parameter such as a temperature of monocrystal fixed nodes To
forming. It can be assumed that in the creation process of rigidly fixed nodes at the temperature T=To the temperature
dependent deformation component will be equal to zero, and when a rigid connection is aready established, the
change in temperature will lead to monocrystal deformation, which is proportional to the difference of the
monocrystal and lining materials TCLE and temperature difference T-To.

The deformation that occurs from the TCLE inconsistency of two elements, which are connected together at a
temperature T, can be estimated approximately

eqr =@ -ay)T-Ty). (@)

Here o, and ay are TCLE, which are averaged in some temperature interval.

Due to the fact that the TCLE are essentialy a function of temperature, and their difference sometimes depends
very much on the temperature, the estimation (1) can give a significant error in the calculations. Therefore, it is
expedient in this case to apply an integral dependence

eor(M) = a.(M)-a,(T) dt. )

To

The feature of monocrystal resonator fixing is that in the presence of a gap between lining and monorystal, the
monocrystal overheating may occur due to the allocation of Joule heat at the passage of eectric current and internal
friction in the oscillating crystal itself. This overheating will become stronger as the heat transfer conditions from the
monorystal get worse, for example, if the monorystal isin the vacuumed part of the pressure transducer. As aresult of
overheating, the temperature of the monocrystal will exceed the elastic element temperature T at a certain value AT.
For this case, formula (2) should be written in the modified form

T+DT

€or(T) = (fa, ()t~ g, (T) ct. 3

To To

Expression (3) shows an important feature of vibration and frequency sensor tensotransducer resonator work in
monocrystal overheating. This feature consistsin the fact that eor( T) #0, even if the monocrystal and lining are made
of homogeneous materias, i.e. a =a.

In order to evaluate the dilatometric properties of monocrystal resonators, a package of applied programs was
made and the temperature dependences of the temperature dependent deformation component for silicon
monocrystals that are fixed on elastic e ements from different nonmetallic structural materials were calculated. To do
this, we use the TCLE temperature dependences [12]. Theresults of calculations are shown in Fig.2 — 5, which shows
the temperature change of temperature dependent deformation component of the monocrystal, which is fixed on the
lining from various materias. The calculations were made for To=470 °C, which corresponds to the conditions of
fixed nodes monocrystal production from a glass cement with a certain filler.

Optimization of the vibration and frequency sensors characteristics by crystal tension adjustment allows solving
two problems:

1. To optimize theinitia tension in the excited monocrystal eon+éok.

2. To achieve the minimum temperature dependence of the temperature dependent deformation component eor in
the operating temperature range of the vibration and frequency sensor tensotransducer resonator.

The need to solve the first problem is dictated by the fact that a strongly tensioned monocrystal has a higher
transverse rigidity, which reduces the amplitude of the frequency output signal at excessive monocrystal tension up to
its practical termination. At the same time, the pre-compressed monocrystal isin an unstable mechanical state, which
excludes the stable operation possibility of the vibration and frequency sensor resonator. The optimal variant will be a
small (closeto zero) initia tension, when ¢o>0, i.e. the monocrystal in the mechanical state is close to free. The fact
of maintaining this condition when temperature changes (the solution of second problem) should ensure the vibration
and frequency sensor output signal linearity and stability in the whole range of operating temperatures.
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Fig. 2. Dependence or(T) for silicon (1) and germanium (2)
monocrystals on the lining of fused quartz

Fig. 3. Dependence eor(T) for silicon (1, 2) and germanium (1 20
monocrystals on the lining of sapphire

Fig. 4. Dependence eor(T) for silicon (1, 2) and germanium (1 20
monocrystals on the lining of technical ceramics (22XC)
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Fig. 5. Dependence eor(T) for silicon monocrystal
on thelining of monocrystal silicon

Theregulation of the temperature independent component of the initial monocrystal tension can be achieved by a
number of technological methods when creating monocrystal fixing nodes. In particular, deformation component e,

can be changed by monocrystal fixing on a pre-deformed lining. Then, after the creation of rigid fixing nodes and
after theload lifting from thelining, a certain monocrystal deformation level is created, which at a certain temperature
T can partially or completely compensate for the temperature dependent deformation component ¢or.

The choice of the material for the creation of fixing nodes and the mode of thermal treatment allows regulating
through the temperature change To not only deformation component oy, but also deformation component eor.

Consequently, if the operating temperature range of the vibrating and frequency sensor resonator is sufficiently
wide, then it is possible to achieve a critically minimum temperature dependence of deformation component &or.
Fig. 2—4 show that in temperature range 0-100°C this condition is fulfilled for silicon monocrystals on the lining of
fused quartz and for germanium monocrystals on the lining of ceramics and sapphire.

Good results can be obtained by using monocrystals of a silicon and germanium solid solution, since, by
regulating the solid solution composition, it is possible to smoothly control its TCLE between the values a for silicon
and germanium.

Important are the results shown in Fig. 5, for a silicon monocrystal on the monocrystal silicon lining.
Overheating of the monocrystal in relation to lining ensures a slight monocrystal compression dightly dependent on
the temperature practically throughout the all temperature range, which is compensated by the tension deformation
component oy, that occurs when the excitation voltage is applied to the monocrystal. Consequently, the condition of
asmall initial monocrystal tension is carried out without any additional technol ogical measures.

4, Conclusion

The results of the research prove the possihility of the characteristics optimization of the resonators which are
sensitive elements of the vibration and frequency sensors by ensuring control of the monocrystal mechanicd state.
Such optimization can be achieved: by selecting of the monocrystal and lining materia s to ensure the best adjustment
of their TCLE in the range of operating temperatures; through the choice of material for the creation of monocrystal
fixing nodes on the lining; by the mode of thermal treatment; through the special technological methods of
monocrystal fixing on a pre-deformed lining; by using of homogeneous material s to ensure the consistent operation of
the monocrystal and the lining in a wide range of temperatures.

Such studies are important in the design of sensors because they ensure the necessary level of their metrological
quality.
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OuiHBaHHS TeMIEPATYPHOI 32J1€KHOCTI MEXaHIYHOI0 CTAHY
pe30HaTopa BiOpaliiiHO-4aCTOTHOI0 CeHCopa

Poman baiiniap, Poman Ksit
Hayionanvnuii ynisepcumem «/Ivsiscoka nonimexuixa», ¢yn. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalifa

Po3risiHyTO KOMIUIEKC TEXHOJOI0-METPOJIOTIYHUX JOCIHI/DKEHb IIOAO0 PO3POOJICHHS METOMIB MOCAIKH 1
3aKpIIUICHHS] HUTKOMOMIOHMX MOHOKPHCTANIB HA Pi3HUX MaTepianax MiAKIagoK (MpyKHuUX eraeMeHTiB). [lokazaHo
LUISIXYM YHUKHEHHS! HEKOHTPOJIbOBAHUX CIIOTBOPEHBb BHXIIHOI Oe3/1e()eKTHOI CTPYKTYpH MOHOKPHUCTAJA, SIKI MOXKYTh
BUHHMKAaTH Yy BY3J1ax HOro KpIIUIGHHS 1 3HW)KYBAaTH JOOPOTHICTh KOJHMBAaHb pe30HATOpa, sSKa € OCHOBHOIO
XapaKTepPUCTUKOI SKOCTI TEH30IepeTBOpIoBaYa. MexaHIYHMH CTaH MOHOKpHCTajla IIOBHHEH BiANOBIgaTH
HAIPY)XEHHIO, 32 SIKOT0 HOro HarpiBaHHs BiJl €IEKTPUYHOTO CTPYMY JKHBJICHHS! HE CIIPHYMHUIIO OU TIOMITHOTO CTHCKY
MOHOKpHCTana. JlociKeHO TeMIlepaTypHy 3alIeKHICTh AedopMaliii MOHOKPUCTAIIYHOTO PE30HATOPA — YYTIHBOTO
eJIEMEHTa BiOpalliifHO-4aCTOTHOTO CEHCOpa B poOOYOMY TeMIIepaTypHOMY Aiana3oHi. [IpoaHaTi30BaHO YHHHUKH, IO
BH3HAYAIOTh TEMIEPAaTypHO-3aJIeKHY CKIanoBY Jedopmaiii pe30HAHCHOTO TEH30IIEpEeTBOPIOBaYa 3 HaIiBIPO-
BiTHUKOBOT'O MOHOKpHCTana. Bka3aHo HampsMH ONTHMIi3allil XapaKTEpUCTHK BiOpalliifHO-4aCTOTHHX CEHCOPIB
LIJISIXOM IIJIECTIPSIMOBAHOT'O KOHTPOIIIO ITOYAaTKOBOTO PiBHS JedopMallii MOHOKpHCTama, 10 JOCITacThCs BHOOPOM
BIJIMIOBITHUX KOHCTPYKIIIHHUX MaTepiajiB, a TAKOK TEXHOJIOTTYUHUMHE CIIOCOOaMHM iX BUTOTOBJICHHS.

Kiro4oBi cjoBa: HUTKOMOIIOHMI MOHOKpPHCTAJI; HAIIBIPOBITHHUK; PE30HATOP; TEH3OMEPETBOPIOBAY; YaCcTOTa,
CEHCOop.



