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Complex research of silicon microcrystals with specific resistance from pzyoc = 0.025 Ohm x cm t0o pagox =
0.007 Ohm x cm doped with boron transport impurity to concentrations corresponding to the transition of metal-
didectric and modified transition metal nickel a low temperatures to the temperature of liquefied helium
T=42K in magnetic fields up to 14 Tl. The features of electrophysical characteristics of samples a low
temperatures in strong magnetic fields up to 14 Tl are determined due to the influence of a magnetic impurity in
semiconductor-diluted magnetism and the use of such crystals in sensors of physical quantities (temperature,

magnetic field, deformation) is proposed.
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I ntr oduction

The study of low-temperature characteristics of
doped semiconductor microcrystals with impurity
concentration in the vicinity of the metal-dielectric
transition (MIT) has been sufficiently studied today [1,2],
since they can provide information on the kinetic effects
of these materials that can be used to create high-
sensitivity physical sensors capable of low temperatures
and other basic dements of solid-state electronics.
However, the study of the influence of external factors
on the €ectrophysical properties of classical
semiconductors such as silicon, germanium in view of
the rapid development of modern magnelectronics
(spintronics) is not well developed [3,4]. While in the
spintronic many achievements were made on the basis of
the study of the properties of metals [5], semiconductor-
based spintronics is ill under development. [6]. As is
known [7,8], the possibility of combining information
about charged particles and spin degrees of freedom,
semiconductors diluted with magnets - promising new
materials in the field of spintronics [9,10]. In addition, it
is known [11] that with the decrease in temperature,
when ionization processes become impossible, charge
carriers in the conduction band are freeze, ther
concentration becomes so small that the dominant
contribution to current transfer begins to make jumps of
electrons directly from donors (or acceptors) that occurs
during account of a small but finite overlap of the wave
functions of adjacent impurities. Such process of current
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surges by charge cariers between localized states
characterized by hopping conduction. Numerous
experimental facts and theoretical evidence convincingly
prove that in the weakly doped and compensated
semiconductor samples at rather low temperatures, the
hopping mechanism of conductivity among others is the
only mechanism that provides the transport of eectrons
[12,13]. Moreover the main characteristics of hopping
transport determined by the structure of the impurity
band, which, in turn, is defined as the properties of
individual impurity centers and law electrodtatic
interaction between electrons and ionized impurity
centers. Therefore, the introduction of a magnetic
impurity into a crystal that is capable of polarizing
charge carriers around itself makes it possible to create
conditions in which it is necessary to take into account
the polarization component for prediction of the
magnetoresistance of crystals caused by the nature of the
jump conductivity at low temperatures. In itsturn, in the
filamentous crystals, there were interesting magnetic
properties associated with the possible formation of
superparamagnetic clusters in crystals of submicron
diameter [14]. In this regard, the study of
magnetoresistance of silicon microcrystals, modified by
an admixture of trangtion metas from a practica point
of view is interesting primarily because the magnetic
response of this material determines the possibility of
microcrystals in sensors of physical quantities under the
influence of an external magnetic field [15]. Besides,
such studies provide an opportunity to deepen knowledge
of the magnetosphere and the electrical conductivity of
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crystals [16], their behavior in different conditions, the
nature and interconnection of these effects, etc. Finally,
in the microcrystalsthere is a dimensional dependence of
the magnetic susceptibility [17], which distinguishes
them from bulk samples.

Thus, the purpose of the paper is to study the effect
of a magnetic impurity on the movement of charge
carriers in microcrystals doped with boron transport
impurities to concentrations corresponding to the MIT at
low temperatures to a temperature of liquefied helium T
= 4.2K in magnetic fields up to 14 T for the devel opment
of sensors physical quantities, able to work under harsh
conditions.

|. Details of the experiment

The object of the research was microcrystalline
silicon p-type conductivity, grown by the method of
chemical gas transport reactions in the form of
filamentous crystals in length 25 mm and diametr
20+60 nmm with crystallographic orientation <111>. To
obtain p-type conductivity crystals in the process of
growth drowned with boron impurities, loading boron
anhydride into the ampoule (B,Os), and gold and
platinum, as initiators growth of whiskers. The
concentration of charge carriers in crystals was in the
range of 2x10"® to 2x10“ com”®, covering the
concentration range (5<10"cm) in the vicinity of the
MIT. The nickel film was applied by the method of
electrolytic chemical deposition, and further annealing at
T =580 °C by means of low temperature diffusion led to
the creation of profiled impurity zones, which, on the one
hand, alowed the formation of ohmic contacts to the
thickness of the crystal, and, on the other, the zones that
could polarize the surrounding impurities in the thicker
of the crystal. Investigation of conductivity behavior of
deformed and non-deformed samples, magnetoresistance
(MR) micro and nanostructures of silicon at temperatures
4,2-300 K in high magnetic filds up to 14 T conducted
at the Institute of Low Temperatures and Structural
Research (Wroclaw, Poland). Samples were placed in a
special insert and placed in a helium cryostat where it
happened cooled to a temperature of 4.2 K to room
temperature sample was heated with a special insert from
a bifilar heater wire wound on the body insert.

Stahilized eectric current 1-100 nA in the
measuring circuit the source of the current was
determined Keithley-224 depending on the resistance of
the sample to be studied. The eectrica voltage at the
samples contacts, the output signal of the thermocouple
and the magnetic field sensor were measured with digital
voltmeter Keithley-199 and Keithley-2000 with accuracy
up to 1 nmV with the simultaneous automatic registration
of impressions through a parallel port of the personal
computer and their visualization on the monitor screen
and the recording of an array of datain the files.

To study the properties of silicon micro and
nanostructures in magnetic fields up to 14 T, a special
method was used that alows to measure
magnetoresistance at different fixed temperatures in the
range from 4.2 to 300K. Measurement of field
dependencies of MR was carried out in the range of
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magnetic fields 0 - 14 T for fixed temperatures in the
interval 4.2-300 K. The magnetic field was created with
the help of a bitter magnet with an induction of up to 14
T and atime of sweep over thefield 1,75 T/min and 3,5
T/min respectively for the temperature of the liquefied
helium and in the temperature range 4.2—77 K. The fixed
temperature of the cryostat insert is set using a special
cryostat temperature regulation system. This system
provides a gradual cooling of the cryostat to precisely set
fixed temperatures. As a thermosensitive element of the
thermocouple was used thermistor. In this case, the
cryostat provides stabilization of the temperature is not
worse 0.5 °C during 20 min.

All voltages are measured using digital voltmeters
type Keithley-199 with accuracy is not worse 0.01 %.
The current through the resigtive branch is set from the
current source Keithley-224 with accuracy 0.1 %, which
determines the measurement error of the resistance.

II. Experimental research results

The basis of the work of semiconductor sensors of
various physical quantities, in particular thermal and
mechanical, is the temperature dependence of the
electrical conductivity of the crystals and its change
under the influence of external factors for example
deformations. When it comes to the creation of sensors
for the low temperature interval, it should be borne in
mind that in this case the el ectrophysical properties of the
semiconductors will be determined by the degree of
doping and the type of doping impurity, the degree of
compensation and the degree of approach to the MIT.
This necessitates the study of the effect of the degree of
doping and the temperature behavior of the doping
admixture on the dectricd conductivity of
semiconductor silicon crystals.

To edablish mechanisms of low-temperature
conductivity for the action of a magnetic field for
microcrystals of p-type conductivity with a concentration
of boron impurity corresponding to both the metal and
dielectric side of MIT, the temperature dependences of
resistance and magnetoresistance in the temperature
range from 4,2 to 60 K in magnetic fields (0, 14)Tx.
Investigation of the temperature dependence of the
resistance and magnetoresistance of silicon microcrystals
with the concentration of the boron corresponding to the
MIT from the didlectric side (rzpx =0.025 Q x cm)
shown in Fig.1,2.

As can be seen from Fig. 1, the nature of the
resistance change in the temperature region 2080 K B in
general, the same, but in the low-temperature range 4.2—
10 K in the dightly doped microcrystals there is a more
sharp change in resistance. Significant dependence of
crystal resistance with Fig.1 is observed only to the
temperature 10 K, which is typical for the didectric type
of conductivity. With a decrease in the concentration of
boron in silicon samples, that is, at a distance from the
MIT in the didectric region, the sengitivity of the crystals
to the temperature increases, which manifests it self in
increasing the resistance values. It can be used to design
high-sengitivity ~ temperature  sensors  with  a
thermoresistive principle of operation, or high-senstivity
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Fig. 1. Temperature dependence of the resistance of microcrystals Si (r s0ox =0.025 Q x ¢cm) mixed with boron
dopant concentration that meets the MIT of dielectric side and modified by nickel. Inset: relative changein the
resistance of microcrystalsin anarrow range of temperatures 4.2 - 9 K.
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Fig. 2. Dependence of the magnetoresistance of microcrystals Si (r spox = 0.025 Q x c¢m) from the induction of a
magnetic field with an admixture of nickel and boron with a concentration of a doping admixture corresponding to
the MIT from the dielectric side at atemperature 4.2K: 1- in longitudina and 2- in transverse directionsin relation

to the direction of the magnetic field.

thermoreset. As can be seen from the insert to Fig. 1, the
relative change in the resistance of the crystals varies by
several orders of magnitude in the narrow range of
temperatures. Temperature coefficient of resistance
(TCR) such samples reach 300%x=K™. Magnetoresistance
behavior (Fig.2) microcrystals Si<B,Ni> a low
temperatures corresponds to the classical pratolabolic
change as for bulk silicon. It should also be noted that the
deformation effect is observed only in Si p-type crystals
with the concentration of the impurity corresponding to
the approach to the critical transition concentration of the
metal-dielectric and is absent in the S p-type from the
metal side of the trandtion, that is, on free holes. On the
other hand, it decreases for microcrystals Si 3 the
concentration of boron corresponding to the dielectric
side of the MIT and the deep dielectric region, that is,
weakens in the case of transition to crystals with a

reduced ensemble of localized holes [18]. Thefirst factor
indicates that for the effect of deformation of the charge
carriers must be localized. The second factor indicates
the need for sufficient concentration of localized
magnetic dipoles, that is, possible some limiting
interaction. In this case, each localized hole can be
assigned a magnetic dipole moment that interacts with
surrounding charge carriers and an external magnetic
field. These effects were clearly observed during the
study of silicon microcrystals with a concentration of a
dopant boron in the vicinity of the trandtion meta-
dielectric (Ng»5-10%Mm™), which corresponds to the
proximity of the MITsfrom the dielectric side.

Results of experimental studies of microcrystals
Si<B,Ni> with a concentration of alloying admixtures of
boron N = 5x10™ a low temperatures is shown in Fig.
3,4. Evidently (Fig.3), that the presence of a magnetic
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impurity substantialy affects the localized holes, in
which the jump conductivity is realized, its ability to
polarize the surrounding charge carriers. The monitored
effect, which manifests itself at low temperatures,
indicates the influence of the meta impurity on the
transport of charge carriers at temperatures below 100 K.
Since at low temperatures there is a significant freeze of
charge carriers, one of the dominant conduction

mechanisms is the hopping conductivity, which depends
directly on the concentration of impurities in the crystal.
Thus, in Fig. 3 depicts the temperature dependence of the
resistance Si <B,Ni> microcrystals for samples with
boron concentration Nz = 5x10® cm°, which
corresponds to the proximity of the MITs from the
dielectric side. As can be seen from Fig. 3, the presence
of nickd affected the temperature dependence of the
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Fig. 3. Dependence of the resistance on the temperature of the crystals Si <B> for samples with boron concentration
Ng = 5x10" cm 3, which corresponds to the proximity of the MIT from the dielectric side. Curves 1 and 2
correspond to the results of samples with an admixture of nickel, and without a magnetic impurity, respectively. On
the insert: temperature dependence of the coefficient of strain sensitivity of microcrystals.
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Fig. 4. Dependence of the magnetoresistance of microcrystals Si<B,Ni>(r zoox = 0.012 Q x c¢m) from induction of a
magnetic field with a concentration of a doping boron impurity Ng = 5x10" cm™, which corresponds to the
proximity of the PMDs from the dielectric side for different temperatures:1-4.2K,2-13K,3-29K,4-40K,5-
50 K, 6 —60 K. On the insert: dependence of the magnetoresistance of silicon microcrystals on the induction of a
magnetic field with the concentration of the boron Ng = 5,5<10™ em™, which directly corresponds to the MIT.
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Fig. 5. Temperature dependence of the resistance of silicon microcrystal's (r 300x=0.007 Q x cm) with an admixture
of nickel and boron with a concentration of a doping admixture corresponding to a metallic sideto the MIT.
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microcrystal resistance, namely, an increase in the
resistance value was observed, compared with crystals
without a metal admixture. The localization of the atoms
of nickd, as a free impurity, or the placement of a
magnetic atom, as a defect in the crystal lattice of silicon
(substitution), influenced the motion of the carriersin the
crystal and led to their reduction, forming potential wells,
or certain traps for carriers, resulting in a change in the
crystal resistor. Experimental studies have shown that the
conductivity of low-temperature silicon microcrystals is
subject to the Mott's law (Inr ~ T"Y4). This confirms the
dominance of low-temperature hopping conductivity
[12,15] assR=R exp(T,/T)"", weren=1/3a T'< 10K;
n=21Y4a 7T=10-25K; T,— Mott temperature. In our
studies, as in theoretical representations [9, 12, 19] it is
shown that the mechanism of conduction change satisfies
the following correlation: r pexp Enop/KT, were Eqo, —the
activation energy of hopping conductivity by localized
impurities, T —temperature of observation [19].

Ingead, due to the introduction of a magnetic

T
150

B2,-|-2
Fig. 6. Field dependence of the magnetoresistanse of microcrystals Si (1 zpox = 0.007 Q x cm) with an admixture of
nickel and boron with a concentration of alloying of boron, corresponding to the MIT from the metal side for
different temperatures:1 - 42K,2-13K,3-29K,4-40K,5-50K, 6 —60 K.
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impurity, the gap of the existence of a negative
magnetoresistance has essentially expanded [15].
Transfer of holes (in a ferromagnetic mode) occurs with
the help of the nearest neighbor by leap charge carrier on
unoccupied places of localization. This assumes that the
average distance between localized holes should be
greater than the hole localization radius, i.e. agp<<1,
were a,’ represents the characteristic of the exponential
recession of a hole wave function in localized states, p—
effective concentration of holes[13]. We can assume that
the interval of the existence of the hopping conductivity
of the twice occupied states, which we previoudy
announced in the interval of the existence of a negative
magnetoresi stance, has significantly increased.

Moreover, a negative magnetoresistance is usualy
observed in specimens with a concentration of impurity
close to the critical concentration of MIT. The detected
negative magnetoresistance in the microcrystals from the
dielectric side of the MIT (Fig. 4) alows us to assume
that, as in [20], in such samples, the appearance of a
negative magnetoresi stance can be caused by an increase
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Fig. 7. Genera view of a magnetic field sensor
with magnetoresistive principle of action.
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Fig. 8. Output signal of a magnetic fidd sensor with a
magnetoresistive principle of action.

Tablel
Grading characteristic of the magnetic field sensor on the basis of doped boron and nickel-modified silicon
microcrystals
B, T 0 2 4 6 8 10 12 14
Uout, V 0 0.26 0.56 0.85 1.15 1.46 1.79 212
B, T 0 2 4 6 8 10 12 14
3, % 1.9 0.04 0.06 -0.67 -1.03 -0.84 0.24 1.61

S —relative error

in the conductivity of the hole pairs formed due to the
ferromagnetic interacting of the delocalized carriers in
the process of hopping conductivity. A characteristic
feature of the negative magnetoresistance effect of the
studied samples as in [21], which investigated the
magnetoresistance heavily doped Ge n-type, there is a
deviation from the quadratic dependence of the
magnetoresistance on the magnetic field in the region of
relativly weak fidds (Fig. 4). The authors [21]
explained the effect of the appearance of a negative
magnetoresistance by the formation of " twain" - two
states with paired spins, relatively close to each other and
remote from the others, which exist near the Fermi levd.
Insgde this "twain" obvious emergence of strong
ferromagnetic interaction, which leads to the pairing of
spins and thus to increase the conductivity of crystals.
The effect of a negative magnetoresistance is associated
with a change in the dendity of states near the Fermi level
with a magnetic field. For a single ionization of "twain",
its level for increasing the magnetic field shifts upwards.
Part of the levels shifts downward, and the part upwards,
which leads not only to the displacement of the Fermi
level, but also to the change in the density of statesin its
vicinity.

In view of the use of detected effects in
microcrystals Si <B, Ni> with the concentration of boron
impurity, which corresponds to the closeness of the MIT
during the development of sensors of physical quantities,
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it was found that the strain sensitivity coefficient for such
samples in the region of helium temperatures reaches the
value Ky = -165 at deformation of compression e=—
529 10° rel. un. (Fig. 3, inset). Instead, for the
development of magnetic field sensors with a
magnetoresistive principle of action, which is based on a
significant magnetoresistive effect and reaches up to
250% (Fig.4, inset) microcrystals should be used
Si<B,Ni> with a concentration of boron impurity, which
corresponds directly to the MIT (Ng = 5,5x10% cu 3).

For heavily doped silicon microcrystals (Fig.5,6) in
al investigated temperature interval the typical metalic
course of the temperature dependence of the resigtivity
characteristic, both for undeformed and for deformed
crystals. Significant influence of deformation on
characteristics of microcrystals was not observed. The
weak dependence of the magnetoresistance Si with the
metallic conductivity, due to the weak localization of the
charge carriers, will be of fundamental importance in the
application of such microcrystals as sensitive e ements of
sensors of thermal quantities, capable of operating in
harsh conditions, in particular in high magnetic fields. At
temperatures of liquefied helium, the maximum
magnitude resistance reaches no more than 4% in
magnetic fields with induction up to 14T.
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The development of new branches of science and
technology at the present stage (rocket space and aviation
technology, cryogenic technology, cryoenergetics, etc.)
puts forward the problem of creating miniature high
sensors of mechanical, thermal, magnetic values, capable
of working at low temperatures. Let's consider the
solution of this problem on the example of creating
sensors of magnetic quantities. At present, considerable
attention is paid to heterostructures consisting of
alternating magnetic (semimagnetic) and non-magnetic
materials. For the application of an externa magnetic
field, eectronsin this region are polarized and injections
into a nonmagnetic region occur. As a result, a spin-
polarized channel for transporting charge carriers appears
in a nonmagnetic layer. The dependence of the
magnetoresistance of such a sengtive element is not
linear, and the magnetic saturation of the structure occurs
in the magnetic field of 3-4 T, after which the sensor has
aweak magnetic dependence.

The use of S <B, Ni> microcrystals allows the
creation of high-precison sensitive eements of a
microel ectronic sensor capable of operating under liquid-
helium temperatures, provided that strong magnetic
fields are applied up to 14 T with the ability to integrate
sensitive elements with information processing schemes
and low cost.

As aresult of the research on the influence of the
magnetic field, it has been established that the proposed
sensitive element of the microelectronic sensor has a
super-high sengtivity to the magnetic field (Fig. 4, inset),
and the simplicity of the design provides a low inertia
and at the same time high performance.

In fig. 7 shows a photograph of the general form of
the sensor, and in Fig. 8 - the output characteristics of the
Sensor.

Grading characterigtics of the magnetic field sensor
with a magnetoresistive principle of operation is
summarized in Table 1.

The sensor, based on the proposed sensing € ement,
functions as follows. When the voltage is applied to the
crystal contacts, an initia current will flow between
them. Applying an external magnetic field effect on the
polarization of the charge carriers in the surface layer of
the crystal, resulting in a change in conductivity occur in
the crystal. The efficiency of such a sensor is limited by
the range of cryogenic temperatures (to the temperature
of liquefied helium 4.2 K) from the magnitude of the
magnetic field to 14 T with a sendtivity of 5 mT.

Conclusions

As a result of studies of silicon microcrystals doped
with boron transport impurities to concentrations
corresponding to the MIT and nickel-modified, the
features of dectrophysical characteristics of specimens at
low temperaturesin strong magnetic fieldsupto 14 T. It
was found out that for the development of high-
sensitivity temperature sensors with a thermoresistive
principle of action, or high-sensitivity thermoreset, it is
necessary to use microcrystals S <B, Ni> with specific
resistivity r zpox =0.025 Qxcm, which corresponds to the
dielectric region of the MIT. The relative change in the
resistance of the crystals varies by severa orders of
magnitude at the temperatures of the liquefied helium
(4.2 K). The temperature coefficient of resistance of such
samples reaches 300%xK™. For the development of
sensors of mechanical quantities, it is suggested to use
samples of silicon microcrystals  with  specific
resistivity r zpox =0.012 Qxcm. The coefficient of strain-
sensitivity for such samples in the region of heium
temperatures reaches the value Gy = -165 at
deformation of compression e=-5.29" 10 rel. un. Wesak
dependence of the magnetoresistance Si with the specific
resistancer ;oo =0.007 Qxcm and the metallic nature of
conductivity, due to the weak localization of charge
carriers, will be of fundamental importance in the
application of such microcrystals as sensitive e ements of
sensors of thermal quantities, able to operate in difficult
operating conditions, in particular in high magnetic
fields. At the temperatures of liquefied helium, the
maximum magnitude resistance reaches no more 4% in
magnetic fields with induction up to 14T. Instead, for the
development of magnetic field sensors with a
magnetically resistive principle of action, based on a
significant magnetoresistive effect and reaching up to
250%, it is necessary to use microcrystals Si <B, Ni>
with the concentration of boron impurity, which
corresponds directly to the MIT (Ng = 5.5x10® cm ®).
The efficiency of such a sensor isrealized in the range of
cryogenic temperatures (to the temperature of liquefied
helium 4,2 K) from the magnitude of the magnetic field
up to 14 T with a sensitivity of 5 mT.

Hoverko Yu.M. - doctor of technical sciences, senior
researcher;
Shcherban N.O. - postgraduate.
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FO.M. Xogepxko, H.O. lllep6ann

EjekTponpoBiIHICTh TA MATHETOOMIP MIKPOCTPYKTYP KPEMHII0 32
HU3BKHX TEMIIEPATYP B OKOJIi EPeXoy MeTaJ-AieJJeKTPUK

Hayionanvhuil ynieepcumem «/Ivgiscoka norimexuixa», m.JIvgis, ayn Cm.banoepu, 12, 79013 khover ko@l p.edu.ua

IlpoBeneHO KOMIUIEKCHI JIOCIIJUKEHHS MIKPOKPHCTalliB KPEMHII0 3 IHMTOMHM ONOPOM BiXl Paook =
0,025 OmxcM 110 Papox = 0,007 OmXcM, JieroBaHWX TPAaHCIIOPTHOIO IOMIIIKOI OOpYy /10 KOHIEHTpamid, 1o
Bi/IIIOBIJAIOTh HEPEXOy METAJ-AIiCIEeKTPUK Ta MOIU(IKOBAHMX IOMIIIKOI HEPEXiJHOr0 MeTally HIKeNo 3a
HHU3bKHMX TEMIIEpaTyp J10 TeMneparypu ckparuienoro reiiro T = 4,2 K B marniTHux nonsx 1o 14 Tin. BuzHaueHo
0cOOJIMBOCT] €NIEKTPOQI3MIHUX XaPAKTEPUCTHK 3pa3KiB 33 HU3bKUX TEMIEPaTyp B CHIbHUX MarHiTHUX IOJAX 10
14 Ti, mo oOyMoOBIIEHI BIUIMBOM MAarHiTHOI JIOMIIIKM B PO30aBICHMX MAarHETUTHUKAaMU HAIlBIIPOBiJHMKAX i
3aIpOIIOHOBAHO BUKOPACTAHHS TaKMX KPUCTANB B CeHCopax (Di3MYHMX BEJIMYMH (TeMIeparypa, MarHiTHe moie,
nedopmaltis).

KirouoBi cioBa: crpuOkoBa IpOBiIHICTH; MIKPOKPUCTAJI, BiJl EMHHH MAarHiTOOIIp; CIIH; KpiOreHHi
TEeMIIepaTypu.
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