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SENSITIVE ELEMENT OF MULTIFUNCTIONAL SENSOR
FOR MEASURING TEMPERATURE, STRAIN
AND MAGNETIC FIELD INDUCTION

Sensitive element of multifunctional sensor for measuring temperature, strain and magnetic field induction
has been developed based on the studies of electrical conductivity and magnetoresistance of silicon and
germanium microcrystals in the temperature range 4.2—70 K, strain +1.5-107 rel.un. and magnetic
fields of 0—14 T. The feature of the sensitive element is the using of the p- and n-type conductivity
germanium microcrystals as mechanical and magnetic field sensors, respectively, and the p-type silicon
microcrystal — as temperature sensor. That allows providing the compensation of temperature influence
on piezoresistance and on sensitivity to the magnetic field.

Keywords: sensitive element of multifunctional sensor, silicon and germanium microcrystals, magneto-

resistance, cryogenic temperatures.

High-sensitivity, high-speed devices and solid-
state electronics components operating under hard
conditions of exploitation are widely used in
modern technology, in particular in aerospace en-
gineering, cryoelectronics, etc. [1—4]. However,
deep cooling is necessary for the operation of such
devices, and that significantly limits their using. In
addition, a number of requirements are advanced
to modern devices such as multi-functionality,
miniature size, high precision of conversion, sta-
bility that can be achieved due to new structural
and circuit design solutions [1—35].

Known multifunction sensors for simultane-
ous measurements of several parameters, such as
temperature, strain, pressure, magnetic field, etc.
need high-value special equipments and materi-
als due to the use of the complex microelectronic
technologies [6—38].

The authors of the paper [9] describe the con-
struction of a multi-functional sensor for measur-
ing strain, magnetic field and temperature, in
which a thermistor based on a silicon whisker was
used as a measuring element. The sensor was based
on the single whisker that leads to a significant
impact of the measured parameters on each other,
and as a result, that has led to the reduction of
measurement accuracy. However, this design does
not allow providing the compensation of tempera-
ture influence on the sensor piezoresistance and
the temperature dependence of the sensitivity to
the magnetic field.

This work was devoted to the creation of the mul-
tifunctional sensor for measuring temperature in the
range of 4.2—70 K, under strain of +1.5-103 rel. un.
and magnetic fields up to 14 T. The sensor was
made using a simple technology that meets the
current requirements for the primary converters.

Experimental procedure

The silicon and germanium whiskers grown
by the method of chemical transport reactions
in a closed bromide system were selected to cre-
ate the sensitive elements of the multifunctional
sensor [10]. The corresponding source material,
silicon or germanium, was loaded into a quartz
tube. The gold impurity was used as the ini-
tiator of the whisker growth. Silicon whiskers
were doped with boron, and germanium whis-
kers — with gallium during their growth, to
obtain the p-type conductivity. The germanium
whiskers were also doped with antimony to ob-
tain the n-type conductivity. Silicon whiskers
have the doping concentration of 5-10'® ¢m™,
and germanium whiskers 5-10'7 cm™3.
The temperature of the crystallization zone was
700—800°C, and the temperature of the evapora-
tion zone was 1000°C. The silicon and germanium
whiskers with a diameter of 3—9 um and the
length 2—4 mm were selected for the studying.

The original and easy-to-implement technique
proposed by the authors of [11] was used to pro-
vide uniaxial compressive and tensile strain for the
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studied whiskers at cryogenic temperatures. Thus,
the uniaxial strain of the silicon and germanium
whiskers is created by the changing of the tempera-
ture due to the difference in coefficients of thermal
expansion of the crystal and the substrate material.
The whiskers were mounted on the substrates with
different materials by using a glue of VL-931 with
the polymerization temperature of +180°C.

The p- and n-type conductivity the silicon and
germanium whiskers were placed on a special beam
and installed in a helium cryostat where they
were cooled to a temperature of liquid helium for
the studying of the magnetoresistance and strain
characteristics.

The influence of the magnetic field on the
whisker properties were studied on a Bitter magnet
with an induction up to 14 T and with the scan
time in the field of 1.75 T /min in the temperature
range 4.2—70 K.

The stabilized electric current through the
whisker has determined by the current source
Keithley 224 within range 1—100 pA depending
on the resistance for investigated whiskers. The
temperature has measured with using Cu-CuFe
thermocouple.

The electric voltage at the whisker contacts,
the output signal of the thermocouple and the
magnetic field sensor were measured by digital
voltmeters Keithley 199 and Keithley 2000 with
an accuracy up to 1-107% V. The simultaneous au-
tomatic registration of indicators on devices was
carried out due to the parallel port of the personal
computer and further their visualization on the
monitor screen.

The studies in the temperature range 4.2 —70 K
and magnetic fields up to 14 T were carried out
in the International Laboratory of High Magnetic
Fields and Low Temperatures (Wroclaw, Poland).

Experimental results and discussion

The results of the investigations of the tempera-
ture dependence of the resistance R in the p-type
conductivity Si whiskers are presented in Fig. 1.
The dependences of relative change of the resistance
vs applied uniaxial strain (AR,/R,)) and the mag-
netic field induction (AR,/R,) at different tem-
peratures in the range 4.2 —70 K for both types of
conductivity Ge whiskers were shown in Fig. 2 and
Fig. 3.

The obtained data show that:

— the resistance sensitivity to the temperature
change in the studied range is 0.42 Ohm /K for
the p-type conductivity Si whiskers (Fig. 1);

— the resistance sensitivity to the maximum
strain change (1.5-1073 rel. un.) at liquid helium
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Fig. 1. The temperature dependence of the resistance
in the p-type conductivity Si whiskers
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Fig. 2. The dependences of relative change of the

resistance vs applied uniaxial strain for the n- (a)

and p-type conductivity (b) Ge whiskers at different
temperature:

1 —42K;2 —14K;3 —24K; 4 - 42K;5 —-—70K
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Fig. 4. Schematic image of the sensitive element of the
multifunctional sensor:

1, 2, 3 — mechanical, magnetic field induction and
temperature sensors, respectively; 4 — elastic element
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Fig. 3. The dependences of relative change of the
resistance vs the magnetic field induction for the n- (a)

and p-type conductivity of (b) Ge whiskers at different
temperature:

1 —42K;2 - 14K;3 —24K;4 - 42K;5 - 70K

temperature is more than 40% for the n-type con-
ductivity Ge whiskers and it’s about 15% for the
p-type Ge whiskers (Fig. 2);

— the resistance sensitivity to the change in
magnetic field induction from 0 to 14 T at tempera-
ture 14 K is about 20% for the n-type conductivity
Ge whiskers and it’s about 35% for the p-type Ge
whiskers (Fig. 3).

Therefore, the obtained data indicate that the
p-type conductivity silicon whiskers could be used
as the temperature sensors in the range of 4.2—70 K,
and the p- and n-type germanium whiskers — as
the mechanical and magnetic field sensors, re-
spectively.

Sensitive element of multifunctional sensor

The conducted studies allowed designing the
sensitive element of the multifunctional sensor for
measuring strain, magnetic field induction and
temperature (Fig. 4).

The developed sensitive element of the multi-
functional sensor was operated due to the simul-
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Fig. 5. The output signal of the multifunctional sensor
for measuring strain (@), magnetic field induction (b)
and temperature (c)
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taneous using of three sensors with different types
of conductivity: the temperature sensor — based
on the p-type conductivity silicon whisker, the
mechanical, magnetic field induction sensors — on
the basis of the n- and p-type conductivities ger-
manium whiskers, respectively. All three primary
converters have mounted on the elastic element
as shown in Fig. 4.

The sensitive elements of the multifunctional
sensor for the measuring strain and magnetic field
induction have switched in the adjacent shoulders
of the bridge measuring circuit. As a result, the
output signal of the circuit caused by the influence
of deformation is determined by the difference in
signals, while the signal caused by the effect of
the magnetic field is determined by the sum of
the signals.

The temperature sensor based on the p-type
conductivity silicon whiskers, which are weakly
sensitive to the influence of the magnetic field,
was used to provide the compensation of tem-
perature influence on the sensor piezoresistance
[12]. Therefore, the compensation of temperature
influence on piezoresistance and on sensitivity to
the magnetic field in the multifunctional sensor
were carried out by the electronic processing unit
taking into account the output signal from the
temperature sensor [13].

Output signals from three sensors of the mul-
tifunction sensor are shown in Fig. 3.

The output signal of the mechanical sensor
reaches up to 300 mV at temperature 70 K, which
corresponds to the strain level of 1,2-10% rel. un.
(Fig. 5, a). And the output signal of the magnetic
field sensor is about 65 mV at induction 14 T
(Fig. 5, b).

Conclusions

Consequently, the sensitive elements of the
multifunctional sensor for the measuring tem-
perature, strain and magnetic field induction
designed as the result of carried out studies that
allows increaseing the accuracy of the measured
parameters and extend the range of the magnetic
field measurements up to 14 T in comparison with
the existing analogues. The sensitivity of the tem-
perature sensor is 0.42 Ohm /K in the temperature
range of 4.2—70 K, the sensitivity of the mechani-
cal sensor at liquid helium temperature reaches up
to 40% and the sensitivity of the magnetic field
sensor at induction 14 T is about 35%.
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UYTJIIMBUN EJJEMEHT BATATO®YHKIINHOTO JATUNKA
JJIs1 BUMIPIOBAHHS TEMIIEPATYPU, JEDOPMAIIIL
TA MATHITHOTO I10JIA

Ha ocnogi pesyivmamie 00cai0KeHHs 3ANeKHOCIE ONOPY MIKPOKPUCAALE KPEMHIIO i 2epManiio 6i0 memnepa-
mypu, deghopmayii ma mazwimHoOzo NOAS PO3POOIEHO UYMAUSUL eNeMeHm OazamOoPYHKYIH020 damuurd 045
sumiprosanns memnepamypu ¢ inmepsaii 4,2 — 70 K, dechopmauii =0,0015 6ion. 00. ma indyxuyii maenimnozo nois
0o 14 Ta. Ocobaugicmio uymaugozo ejemenma € 6UKOPUCMAHHI MIKPOKPUCTRAILE KPEMHII0 P-TUnY NpoeioHocmi
K Cencopa memnepamypu, d MIKPOKPUCMANLE 2epMAHII0 p- i N-MUnY SK CEHCOPi6 dedhopmauii i Maznimmnozo
noasi 6i0n06ioHo, wo 003601UN0 3A0e3NeUUMU KOMREHCAYIIO BNAUCY MEMNEPAMYPU HA MEHIOUYMAUSICMYb i
UYMAUGICTNG 00 MAZHIMHOZ0 NOJSL.

Kniouosi caosa: uymaueuti enemenm 06azamohyuxyitinozo Oamuuxd, MIKPOKPUCMAAU KPEMHIIO 1 2epMAaHiio,
MAzZHIMOONIP, KPUOZEHHI MeMNepaAmypu.
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YYBCTBUTEJbHbBIN 3JIEMEHT MHOTO®YHKIIMOHAJIBHOTO
JATUNKA VI NSMEPEHUA TEMIIEPATY PBI,
JEDOOPMAIINN 11 MATHUTHOTO I10JIA

Ha ocnoge pe3yavmamos ucciedoganus 3asuCUMoCcmu COnPOMUBIeHUS MUKPOKPUCTRALIO8 KPEMHUSL U 2ePMAHUSL
om memnepamypol, 0eqopMayuu U MAZHUMHOZO NOISL PA3PAOOMAH UYECNEUMENLHI INEMEHM MHOZODYHKYU-
OHANLHOZ0 damuuka 01 usmepenus memnepamypvl ¢ unmepsane 4,2—70 K, dechopmayuu +0,0015 omn. ed. u
undyxyuu maznumnozo noas 00 14 Ta. Ocobennocmvio uyecmeumebHozo dJ1eMeHMA ABAACMC UCTONbI0BAHUE
MUKPOKPUCTNANL08 KPEMHUSL P-MUNA NPOBOOUMOCTNU 6 KAYECBEe CEHCOPA MEeMNePaAmypsvl, d MUKPOKPUCALLIO08
2epMaAnUs. P- U N-MUnd 8 Kauecmee CeHcopos 0eopmMauuy U MAzHUMHOZO NOAsL COOMBEMCMEEHHO, UMO NO360-
JUNO 06ecneuums KOMNEHCAUUIO 8IUSHUSL MEMNEPAMYPLL HA TMEHI0UYECMEUTNEILHOCTND U YYECIMEUMELHOCTIb K
MAZHUMHOMY NOJIO.

Knioueswie crosa: uyecmeume/tbubni dJleMeHm MHOZOCf?yHKLguOHCZ/leOZO 8amuu1€a, MUKPOKPUCINALIbL KDEMHUS U
zepmanus, maznumoconpomueienue, Kpuozennvie memnepamypul.
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