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Abstract

The complex of technological and metrological researches concerning development 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 is the main characteristic 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 characteristics optimization are indicated by purposeful control of the
monocrystal deformation initial level, which is achieved by the choice of appropriate structural materials, 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 stability 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 electric 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 monocrystals 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/m’) allows supporting the oscillations at minimum
values of excitation energy. The breaking strength of monocrystals with diameter 5 10 m reaches up to 10° N/m?,
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 electrical resistance at
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deformations due to its transverse oscillations, which allows removing from the element an alternating electric signal
with tens of millivolts voltage.

Such semiconductor vibration and frequency sensors with sensitive 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 developed and their production technology.

2. Principle of vibration and frequency sensor resonator operation

The principle of the resonator operation is illustrated in Fig.1. Structurally it contains a lining 1 (elastic element)
from silicon, sapphire, quartz, ceramics, on the surface of which a metal film 2, which serves as an exciting electrode,
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 itself, on the surface of which an electrical
contact 6 is formed.

Fig.1. Design scheme and general form of the electromechanical 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 characteristics 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 the resonator mechanical state

The initial deformation ¢, of the monocrystal which is rigidly fixed on the lining can be represented as a sum of
two components: temperature independent ey and temperature dependent eor

eo(T)=¢5py + 60, (T) .

In the case of applying alternating 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

eor and the harmonic component of tension &,,. The components or and eo(7) determine the transducer resonant

frequency. The constant component of monocrystal deformation can thus be presented as
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go(T) = &0y + &0 +Eor(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 o,
and the lining material o;, as well as a technological parameter such as a temperature of monocrystal fixed nodes T
forming. It can be assumed that in the creation process of rigidly fixed nodes at the temperature 7=T), the temperature
dependent deformation component will be equal to zero, and when a rigid connection is already 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 7-T.

The deformation that occurs from the TCLE inconsistency of two elements, which are connected together at a
temperature 7, can be estimated approximately

Eor =(a, —a, )T -T,). (1)

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

Due to the fact that the TCLE are essentially 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

sor(1) = [(@,(T)=a,, () dt . 2

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 electric 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 is in the vacuumed part of the pressure transducer. As a result of
overheating, the temperature of the monocrystal will exceed the elastic element temperature 7 at a certain value A7.
For this case, formula (2) should be written in the modified form

sor(T) = [(a, (D)t~ [a,, (T) dt. (3)

To To

Expression (3) shows an important feature of vibration and frequency sensor tensotransducer resonator work in
monocrystal overheating. This feature consists in the fact that o7 (T) #0, even if the monocrystal and lining are made
of homogeneous materials, i.e. a;=0y,.

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 elements from different nonmetallic structural materials were calculated. To do
this, we use the TCLE temperature dependences [12]. The results 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 materials. The calculations were made for Tpo=4 70°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 the initial tension in the excited monocrystal egyteo.

2. To achieve the minimum temperature dependence of the temperature dependent deformation component ¢p7in
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
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its practical termination. At the same time, the pre-compressed monocrystal is in an unstable mechanical state, which
excludes the stable operation possibility of the vibration and frequency sensor resonator. The optimal variant will be
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Fig.2. Dependence ¢o7(7) for silicon (1) and germanium (2)
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Fig.3. Dependence or(T) for silicon (1, 2) and germanium (1, 2")

monocrystals on the lining of sapphire.
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Fig.4. Dependence or(T) for silicon (1, 2) and germanium (1, 2")

monocrystals on the lining of technical ceramics (22.XC) .
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Fig.5. Dependence ¢o7(7) for silicon monocrystal
on the lining of monocrystal silicon.

a small (close to zero) initial tension, when ¢,>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.

The regulation 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 g,

can be changed by monocrystal fixing on a pre-deformed lining. Then, after the creation of rigid fixing nodes and
after the load lifting from the lining, 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 7 not only deformation component &gy, but also deformation component ¢or.

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 ... /00°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 o 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 slightly dependent on the
temperature practically throughout the all temperature range, which is compensated by the tension deformation
component goy,, that occurs when the excitation voltage is applied to the monocrystal. Consequently, the condition of
a small initial monocrystal tension is carried out without any additional technological measures.

4. Conclusion

The results of the research prove the possibility of the characteristics optimization of the resonators which are
sensitive elements of the vibration and frequency sensors by ensuring control of the monocrystal mechanical state.
Such optimization can be achieved: by selecting of the monocrystal and lining materials 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 materials 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 TeMIIEPATYPHOI 32J1€KHOCTI MEXaHIYHOI0 CTAHY
pe30HaTopa BiOpaliiiHO-4aCTOTHOI0 CEHCopa

Poman baiinap, Poman Ksit

Hayionanvnuii ynieepcumem «JIvsiecoka nonimexuixa», eyi. Cmenana Bandepu, 12, Jlveie, 79013, Vrpaina

AHoTalia

Po3risiHyTO KOMIUIEKC TEXHOIOr0-METPOJIOTTUHHUX JIOCHIHKEHb 1010 PO3POOKH METOIB IMOCAAKH 1 3aKPIIICHHS
HUTKOMOMIOHNX MOHOKPUCTAJIB Ha PI3HMX Marepiaiax MiAKIaAoK (MpYKHUX ejneMeHTiB). [lokazaHo mnuUIsIXU
YHUKHEHHSI HEKOHTPOJbOBAHMUX CIIOTBOPEHb BUXIJHOI 0€3/l1e(eKTHOI CTPYKTYpH MOHOKpPHCTana, SKi MOXYTb
BUHHMKAaTH Yy BY3JIax HOro KpIIUIGHHS 1 3HW)KYBAaTH JIOOPOTHICTh KOJHMBAaHb pe30HATOpa, SKa € OCHOBHOIO
XapaKTEePUCTUKOIO SKOCTI TeH30IepeTBoproBaya. [Ipy iboMy MEXaHIYHMI CTaH MOHOKpHCTAlIa IOBHHEH BiANOBiIaTH
HAIPY)XEHHIO, TPH SIKOMY HOr0 HarpiBaHHs BiJ| €JEKTPHYHOTO CTPYMY JKUBIICHHS HE CHPUYHMHHIO OM MOMITHOTO
CTHCKY MOHOKpHcTana. JlochmikeHo TeMIlepaTypHy 3aleXHICTh AedopMallii MOHOKPUCTAIIYHOTO pe30HaTopa —
YYTJIMBOTO €JIEMEHTa BiOpalliifHO-4aCTOTHOTO CEHCOpa B PoOOYOMY TeMIlepaTypHOMY iiama3oHi. [IpoaHasnizoBaHO
YUHHHUKH, 110 BH3HAYAIOTh TEMIIEPATypHO-3aJIeKHY CKIAJOBY JAeopMaliii pe30HaHCHOI'O TEH3OIEepeTBOpIoBaYa 3
HAITIBIIPOBIIHUKOBOI'O MOHOKpHCTalla. Bka3aHO HampsIMKH ONTUMi3allii XapaKTepHCTHK BiOpaliiHO-4aCTOTHHUX
CEHCOPIB NUIIXOM IJIECIPIMOBAHOIO KOHTPOJIIO MOYaTKOBOTO piBHS AedopMallii MOHOKPHCTAJA, IO JIOCSATAEThCS
BHOOPOM BiAIOBITHUX KOHCTPYKIIHHUX MaTepialiB, a TAKOK TEXHOJIOTIYHUMH CIIOCOOAMHU X BUTOTOBJICHHSL.

Kaw4oBi cjioBa: HUTKOMOMIOHNH MOHOKPHCTAN, HAIiBIPOBITHUK; PE30HATODP; TEH3OMEPETBOPIOBAY; YacTOTa;
CeHcop.



