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Abstract. The constructive and technological
features of creating a sensitive element of physica
quantity sensors of extended functiondity based on p-
type boron-doped silicon whiskers grown by a chemical
vapour deposition (CVD) are considered. In the paper
we investigate the effect of the Si whisker resistivity on
the temperature of an output signal. The distribution of a
temperature field is simulated to cal cul ate stationary and
dynamic cases in varying both the geometry of contacts
placement and the values of thermal conductivity of
insulating material and environment. An analysis of
computer simulation of the distribution of mechanical
stress and deformation in the elements of a pressure
sensor, including therma stress and deformation is
conducted to take into account the effect of thermal
stresses on the measurement accuracy. The operating
temperature range of a sensor (213-423 K) and possible
application areas have been defined. A digitizing circuit
diagram based on microcontrollers is offered for further
signal processing.

Key words: microcrystals, multifunctional tempe-
rature sensor, pressure sensor, whiskers.

1. Introduction

The need for pressure sensors operating in a wide
temperature range is constantly increasing. In particular,
there is a strong demand for sensors to control pressure,
for example, in internal combustion engines [1-2]. Low
temperature sensorsare also usedin cryogenic equipment
[3]. As for now, there is a narrow range of muilti-
functional sensors that can measure various physical
guantities [4]. Such devices are mainly realized by
multiple combining of existing sensors in one appliance
with a set of microcontrollers for computing incoming
data processing. Using one sensitive element as a sensor
for measuring several parameters is economicaly
profitable, reduces the size of a measuring device,and
improves reliability by simplifying the circuit. On the
other hand, it is necessary to evaluate the effect of non-
uniform and non-stationary temperature fields ona sensor
output signal for measuring one parameter, for example,
the effect of non-stationary temperature on the capability

of the sensor to convert mechanica quantities to
electrical signals[5].

The important component of the system operating in
conditions of sudden temperature changes isthermostatic
equipment that requires precise and immediate response
to the changeinthe environment under measurement. The
possible use of thermostatic equipment in the
environments of high pressure (compressed gas
equipment, liquid reservoir and containers, etc.) is the
complicated case of sensor application. Industrial
mechanical sensors that are present on the domestic
market [6] are efficient in a wide temperature range
(from 173 K to 453 K), but for such sensorsto be used in
a wider range, it is necessary to design a complex of
sensor systems intended for extending the temperature
interval.

Our research has shown that the obtained silicon
whiskers have many interesting features, which can be
used for creating different sensors of mechanica or
therma quantities [7—8]. The high piezo sensitivity has
been found in p-type boron-doped silicon whiskerg9],
which may have an impact on the production of
miniaturized sensitive piezoresistors based on these tiny
crystals[10].

The important feature of crystal whiskers is their
strength,which is close to theoretical [8, 10]. Thisfeature
allows the sensor to be used in vibrating and ungtable
environments.

The main purpose of this work is design of silicon
whisker-based sensorsof extended functionality and a
wide temperature range.

2. Experimental modelling

The p-type silicon whiskers with boron impurity
grown by chemical vapour deposition in a closed
bromide system were chosen as sensitive elements of
sensors [10]. The designed specia technology for
creating ohmic contacts by the method of impulse
welding of a platinum microwire with a crystal facet
offers the prospect of applying these sensors in
adverse operating conditions, particularly at elevated
temperatures.
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The studies described in [10] showed that for the
temperature range of mechanical sensors to be extended
towards higher temperatures, it is important to design
new methods of fastening the sensitive elements. That is
why it was proposed to use solder-glass or glass cement
which do not lose their eastic properties up tothe
temperature of melting. The agreed junction of the Si-
solder-glass-elastic  element is formed when the
coefficients of thermal expansion of all the components
are similar. For these reasons, we tested a kovar aloy
29NK withthe coefficient of therma expansion
(4.6-5.5)-10° K'and elastic modulus £=0.148 GPa as
the material for elastic elements. An oxide film, which
interactes well with the glass, is formed on the surface
while heating the kovar alloy. Kovar alloy in comparison
with ceramics and glass ceramics has more technol ogical
advantages and is eadly processed mechanically. To
fixthe Si whiskers on the dastic elementsthereis chosen
a solder-glass S51-1 with the coefficient of thermal
expansion (CTE) 4.910° K, which is dose to the coefficient
of thermal expansion of silicon (2.5-4.2)-10° Kin a
temperature range of 293 K — 823K.The méting
temperature of solder-glass S51-1is843 K.

Fixing silicon whiskers on dastic e ements causes a
change in the initial resistance of these crystals and leads
to the temperature dependence of the resistance due to
the occurrence of thermal deformation &,, which has an
effect on the microcrystal. This deformation is
determined by CTE of the éagtic eement material
(kovar) ag and silicon ag, operating temperature T, and
the temperature of solder-glass crystallization 7.

T T
eo(T) = paco(t)dt- pag (T)dt D

TO TO
The cdculation of the temperature dependence ey which
affects S crysds (fixed on the kovar 29NK) has shown
€=-3-10" of reative units (RUS) at room temperatures;

&=-15103 of RUs at T = 573-623 K, which is well
consgent with experimenta results [3, 11]. More detailed
computer Smulations of the digribution of mechanica stress
and deformation in the dements of a pressure sensor,
induding thermal dress and deformation, are conducted by
the finite dement method using the program ANSYS. The
result of the moddling is presented in Fig. 1 as a graphica
representation of the digribution of mechanica dressesin the
Sructurd eementsof the sensor.

It is necessry for these reaults to be analysed for the
purpose of taking into account the influence of thermal stress
on the measurement accuracy of a mechanica sensor and the
possihility of extradtinginformation on the temperature of a
measured environment for multifunctiona sensors.

The influence of S whisker resgivityon the
temperature dependence ofan output signal of haf-bridge

consgging of two sendtive dements based on the S
whisker is studied. The value of the temperature coefficient
of resgance(TCR) forthe S whiskers of p-type
conductivityin the temperature ranged between 293 K and
623 K is +0.17, +0.18 and +0.23 %K™, for the resigtivity
0.005, 0.016 and 0.023 Ohnem, respectively; Having been
fixed on kovar aloythe TCR of the same microcrydals
were +0.19, +0.20 and +0.24 %X ™, respectively.
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Fig. 1. Distribution of mechanical stressesin the main
elements of high-temperature pressure sensor with versatile
piezo module.

The mechanism of conductivity is determined by
energy levels of boron impurities and hopping
conductivity within the impurity band (at low
temperatures). Depending on p,the crystals can be divided
into three groups: with low-resgtivity p < 0.03 Ohm-cm,
intermediateresistivity 0.03 < p < 0.6 Ohm-cm and high
resistivity p > 06. In tems of semiconductor
thermometry, the middle group crystals can be used to
manufacture wide-band thermometers, in particular
cryogenic ones. Ther TCR is high enough (ot
a; =e/kT? and is upto 7%K™. In this case the
activation energy in the equation R,exp(e/KT) is up
toe =0.52 eV, and it is close to the activation energy of
gold as one of the dopantsfor the growth initiator. The
ratio pso/pag for p = 0.025 Ohm-cm is ~1900. The
crystals with p = 0.6 Ohm-cm have both negative and
positive values of TCR. Thelow-resistivity samples have
only positive values of TCR (4+6)-10% %K™. The Si
crystals doped with Zn have linear dependences R(T)
with quite high values of TCR (~0.5 %-K™, while for the
known Si thermometers, itis -0.3 %-K™).

3. Theoretical modeling

The value of a temperature field in the sensitive

element can be found from a common equation of
thermal conductivity:

e R(KRT) = f @
1t
where r isthe density, C represents the heat capacity,

k denotesthe TCR, f standsfor the source of heat.
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Boundary conditions, in general case, are a
combination of temperature and its gradient on the

boundaries of the W of an object under modelling:
— Dirichlet: hT =r, (3)
— Neumann: rr1>(kNT) +qT =g, (4)

where h is the external normal, g,hq,r are the

functions defined on W. Equation (2) is a partial
differential equation (PDE) of parabolic type. If thereis
a stationary case, equation (2) isreduced to dliptic type:
-N(kNT) = f . (5)
The solution of a PDE using the finite e ement method
congds in the sampling of a differentia equation and
boundary conditions to obtain a linear sysem K ><TI = Ié .
The T vector (which isunknown) containsthe values of an
approximate solution at the points of grid, the matrix K
being composad of the coeffidents k and h (h is
determined by the modd purposes). The improvement in
accuracy is achieved ether by reducing the size of the
eements or by increasing the number of dements in the
approximations ingide the grid cdls. Multiply equation (3)
by the arbitrary functionc, and integrate it over the entire
domain W
- o(N(kNT))cdx = o f cax. (6)
w w
Integrating equation (5) by parts and taking
intoaccount equation (3), we obtain the following system
of equations:
o(kNT)Rcax- ¢ n(kNT)cds= gf cdx
w w w
o(kNT(Nc - fc))dx- o(-dT +g)cds=0,
W w
In this solution x refersto all coordinates x, y, and z.
The solution T is obtained from condition (6), which
together with the function ¢ belongs to the finite
functional spaceV,,. Representing the function T(x) by
the system of some test functions, for example

Np
=8 T, ®)
J:

after the transformations described above, we obtain the
following system of equations

Noge , .\ o)
3 g ok )Nfdx+ oaf jf; ds; =
j=1gw w 2 9)
= off;dx+ ogf;ds,
W w

Wherei:LK,Np.

System of equations (9) can be written as the matrix

equation (K+Q)'II':I£+é, whee K,Q ae

1 1
NpXNp-matrices, and F and G denote vectors of

Np -Sze

W
(0]
W . (10)

The solution of the systemisthe vector TI consisting

I
of the ratios T; whose values correspond to the
coordinates x; of the grid triangle apexes (the model

geometry is splited by). The computer models were
simulated in a specialized software environment Matlab
using the package of PDE (Partia differential equations)
Toolbox [12].

Fig. 2 shows some results of the calculations for
stationary and dynamic cases when varying both the
geometry of contacts placement and values of thermal
conductivity of insulating material and the environment.

Time=1s  Height: T, C

Fig. 2. Temperaturefield att = 1 sec.

Furthermore, the distribution was calculatedfor
different time values, and the transition of our system to
stationary operationsince turned on was eval uated.

The advantage of whisker-based sensors's their low
inertia (t ~10? sec), in some cases for the sensors
without shell it is ~10" sec, high stability, workability in
high magnetic fidds smple and inexpensve manufacturing
techniques.

4. Development of the sensor construction
The experimental research has shown that highly-
alloyed Si crystals can be usedin creating multifunctional
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sensors  workable in the extended temperature
range.Using certain circuit solutions of a secondary
converter,it is possible to obtain several physica
guantities from one sensitive element.

An example of a multifunctional sensor isthe sensor
described in [13], but the functionality of this device is
limited.Circuit solutions have a huge potential in
extending functional possibilities of the existing
sensitive elements of multifunctional sensors.

Methods for the formation of special measuring
circuits and processing of measuring information are
successful (even from one sensitive dement) in dis
tinguishing information on related physical quantities or
various parameters of one physical quantity.

In addition, the proposed sensor of pressure
(pressure drop) and temperature is able to measure
differential pressures and differential temperatures that
leads to the extension of its functionality.

Z P2y

Fig. 3. Sensor of pressure and temperature.
(14 —drain gauges; 5, 6 — current source; 7-10 —amplifiers;
11, 12 — adders, 13, 14 —differential amplifiers).

The sensor of pressure drop and temperature (Fig. 3)
works as follows.Strain gauges 1-4 are the Wheatstone
Bridge. The pressure P1 and temperature T1 of the first
environment affect strain gauges 1 and 3 located on the
membrane. The pressure P2 and temperature T2 of the
second environment affect strain gauges 2 and 4 located
on the membrane as well.

Besides, drain gauges 1 and 2 are located on the
membrane where the pressure leads to their deformation of
tenson, and grain gauges 3 and 4 are located in those areas
where the pressureleadsto their deformation of compression.
The deformation of tendon and compresson leads both to
increasing the resgances of strain gauges 3 and 4 and
decreasing thered stances of strain gauges 1 and 2.

When the differentia pressure is applied to the
membrane between the upper output of strain gauge 1
and the upper output of strain gauge 2, there will occur a

potential difference which is proportional to the
differential pressure, and via amplifiers 8 and 9 is
applied to adders 11 and 12 for eiminating the error
occurringas a result of variations of the temperature
coefficient of strain gauges resistance.

Voltage, which is proportional to the differential
pressure, is the output signa of the sensor U(dP) from
amplifier 13. At the output of adder 11 we obtain the
voltage U (P1) which is proportional to the absolute
pressure P1 of the first environment. Similarly, at the
output of adder 12 we obtain the voltage U(P2) which is
proportional to the absolute pressure P2 of the second
environment.

Since srain gauges 1 and 3 are located on the
membrane, which is affected by pressure P1, the change
in its temperature will lead to the change in the voltage
drop between the ground and the upper output of strain
gauge 3. This voltage is amplified to the required level
by amplifier 7 and fed to the output U(T1). Similarly, at
the output U(T2) there appears a signa proportional to
the temperature of the second environment.

Between the outputs of amplifiers 7 and 10 we
obtain a potential difference, which is proportional to the
difference of the temperatures between the membranes.
This is the voltage which is fed via amplifier 13 to the
output of the sensor through the channel of differential
temperature measurement U(dT).

Fig. 4 shows a dedgn of the developedmultifunctional
sensor of pressure (pressure drop) and temperature.

Thus, the sensor of pressure and temperature has
advanced functionality and alows high-precision
measurement of differential pressure, differentia
temperature,and their absolute values simultaneoudly.

As is known, a temperature correction of the
characteristics typical of slicon-based measuring
transducers of mechanical quantities using analogue
circuits requires more careful tuning of their parameters
and does not provide high accuracy of measurement over
the entire operating temperature range of a sensor [14].

A necessary part of the measuring process is digitization
of a measured dgnd, reduction dfinterference etc. The
deformation of an eladic dement (either dlicon- or med-
based) is measured using a piezo bridge formed on its
surface.

In general, the signal generated by the piezo bridge
is noisy-contaminated, has a small amplitude, shift of
both zero and maximum value. In addition, the
sengitivity and shift ofthe piezo bridge zero is tem-
perature dependent. Recently, on the global market of
microel ectronics have appeared specialized insrumental
amplifiers and high-speed microcontrollers possessing a
great number of advanced features.
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Fig. 4. Design of developed sensor: 1 —thefirst and third
strain gauges; 2 — the second and fourth strain gauges,
3 —microcontrollers; 4, 5 — separated sensor sheaths;

6 — epoxy resin; 7 —outputs of sensor; 8 — membrane.

Selecting components to develop a multifunctional
sensor is mainly defined by the requirements of the
features and parameters of a sensor under development
aswdll asits price. Fig. 5 shows a block diagram of the
Sensor.

|

P

1]
_1_

Fig. 5. Block diagram of a sensor:
1 —primary converter power circuit, 2 —Wheatstone bridge,
3 —transducer, 4 — signal processing circuit.

The block-diagram presented in Fig. 5 was designed
by using modern microcontrollers to improve
metrological characteristics of the sensor. The
multifunctional sensor developed by us processes
signals with the help of the microcontroller Atmega8
manufactured by Atmel [15].

Fig. 6 shows a circuit diagram of the developed
intelligent sensor.The primary converter is a

Wheatstone bridge which consists of strain gauges
with a high temperature coefficient of resistance that
function both as a sensor of deformation and as a
sensor of temperature. The strain gauges were made
on the basis of silicon whiskers with the resistivity of
0.01-0.02 Ohm-cm, and the piezoresistive
coefficientof 100-140.

On being amplified in the region DA1, the
proportional to the deformation of strain gauges voltage
from the diagonal of the measuring bridge is fed to the
input ADCO of the microcontroller DD1 to convert it to
the digital form using an ADC. The capacitor C1
together with the internal resistor RF IMC AD8555 isa
low pass filter (LPF) required to satisfy the Nyquist
criterion for the ADC. The temperature compensation of
erors of a pressure drop sensor, and obtaining
information on the environment temperature are
implemented by using a signal from the bridge circuit
consisting of four strain gauges. The temperature signal
is amplified by the scheme DA2 and fed to the second
input of the ADC (ADC1). The information is entered
into computer by using interface RS232 (transform of
levels and galvanic outcome are carried out by using an
opto-isolator DA4).

The main functions of the microcontroller DD1 are
separating the signals of temperature and pressure, and
selecting the useful signals of temperature, pressure and
deformation. Besides, the microcontroller DD1 is
responsible for the correction of errors dependent on
temperature.

The main disadvantage of the sensitive elements
based on semiconductor whiskers is theirwide variation
of parameters. That is why the allcation of a calibration
table, which is individual for each transducer, inthe
flash-memory of a microcontroller provideshigh-
precision conversion.This solution allows us to achieve
high accuracy of measurement. The small dimensions of
amicrocontroller that can operatein the various

The proposed sensor provides accurate
measurement of temperature and pressure in the
temperature range from 213 K to 423 K with the
measurement errors not exceeding 0.01 %. Software-
based sensor adjustment environments allow us to
embed it directly into the body of the sensor. The
circuit diagram is oriented to be used with the
sensors of physical quantities based on silicon
whiskers but can also be used with any other silicon
pressure sensitive elements with a high TCR. makes
it easy to automate the procces of calibration and use
primary converters with a wide variation of
parameters.
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5. Conclusion

Fig. 6. Circuit diagram of the developed intelligent sensor.

This research deals with creation of a highly
sensitive sensor to use in a wide temperature range. This
sensor can simultaneously measure pressure (pressure

drop), absolute temperature and temperature differences
and can be used to study the distribution of pressure and
temperature of different environments in high magnetic
fields. The developed digital signal processing circuit
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makes it possible to adjust temperature-dependent errors;
to differentiate the appropriate signal of temperature,
pressure and deformation.
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JABAYI ®I3UYHUX BEJIMYUH
3 PO3LIMPEHUMMUA
®YHKIIOHAJIBHUMHA
MOXJ/JIUBOCTAMU
HA OCHOBI HUTKOINIOAIBHUX
MIKPOKPUCTAJIIB KPEMHIIO

Amnaromiii {pyxunin, Onekciit Kyrpaxos,
IOpiii XoBepko, Cepriii SiyxaeHko

PO3risiHyro KOHCTPYKTHBHO-TEXHOJOIIYHI  OCOOIMBOCTI
CTBOPEHHS YYTJIMBOIO €JIe€MEHTa JaBada ()i3MYHUX BEIMYHH 3
PO3LIMPEHUMHU (PYHKLIOHAJIBHUMU MOXJIMBOCTSIMH Ha OCHOBI
HUTKOIOAIOHNX KPHUCTAIIB KPEMHII0 P-THIy HPOBIAHOCTI 3
JIOMIIIKOI OOpy BHPOLIEHHX MEXaHi3MOM Iapa—piinHa—
kpucrai. [IpoBeneHo MOCHIUKEHHS BIUIMBY HMHTOMOIO OHOpY
HK S Ha TemmepaTypHy 3aJIe)KHICTb BUXITHOIO CHTHAIY.
OTpHUMaHO pe3yabTaTd KOMII' FOTEPHOIO MOJIEIIFOBAHHS PO3IIO-
Iy TEMIIepaTypHOro MO Ul PO3PaxyHKY CTalliOHaApHOro i
JIMHAMIYHOIO BUIAJIKIB Y pPa3i BapilOBaHHS K FeOMETpil po3Mi-
[IEHHST KOHTAKTIB, TaK 1 3HAYEHHSMH KOE(Qili€HTIB TEIIONpo-
BIZIHOCTI  130/IIOBAJIbHOrO Marepialy Ta HaBKOJIMIIHBOTO
cepesioBHIIA. AHAJ3 KOMI' IOTEPHOIO MOJIEIIOBAHHS PO3IIO-
Iy MEXaHIYHMX HamnpyxeHb 1 aedopmauiii B erneMeHTax
JlaBaya THCKY, 30KpeMa TepMIYHUX HaBaHTa)KEHb 1 gedopmanii
MPOBOIWIN VISl BPaXyBaHHs BIUIMBY TEMIIEPaTypHHUX HaIpy-
XKEHb HATOYHICTh BHMMIDIOBaHHS JlaBaya MEXaHIYHHUX
BEIMYMH Ta MOXIUBOCTI BUAUIEHHS iH(opMmanii mpo
TEeMIepaTypy BHMIPIOBAaHOrO cepelloBHINA Juist Oararo-
GyHKLIIHHUX ceHcopiB. Bu3HaueHo TemnepaTypHHi iHTe-
pBan pobornm nasaya (213-423 K) Ta MoxiuBi ramysi
BUKOPUCTAHHA. 3alpOIOHOBAHO cXeMy onu(poByBaHHS
JUTSL TIOJAJIBIIIOT 0 0OPOOJIEHHST CUTHAITY.
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