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DEFORMATION-INDUCED EFFECTS IN INDIUM
ANTIMONIDE MICROSTRUCTURES AT CRYOGENIC
TEMPERATURES FOR SENSOR APPLICATIONS

The authors investigate deformation-induced changes in the electrophysical parameters of the indium
antimonide microcrystals at cryogenic temperatures in strong magnetic fields up to 10 T. It is determined
that for strongly doped InSb microcrystals, the gauge factor at liquid-helium temperature is GF, ,, = 72 for
the charge carrier concentration of 2-10'7 ¢cm™, while being GF , ,x = 47 for the concentration of 6:10"7 cm™>,
at ¢ = =310 rel. un. For the development of magnetic field sensors based on the magnetoresistive

principle, the effect of a giant magnetic resistivity reaching 720% at a temperature of 4.2 K is used.
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Despite the rapid progress and significant ad-
vances in microelectronics, there remain a lot of
problems that require further detailed study of
the physical properties and possible applications
of whisker crystals. Modern cryogenic electron-
ics requires highly sensitive, high-speed devices
and components of integrated circuits, capable of
operating at various temperature intervals, includ-
ing the cryogenic temperature range. Principles
of cryoelectronics are used to build a number of
devices (cryotrons, quantum and parametric ampli-
fiers, resonators, filters, sensors, delay lines, etc.)
based on silicon technologies [1]. On the other
hand, apart from using traditional silicon whisker
crystals in modern microelectronics, scientists
carry on intensive studies of other materials and
structures. For instance, there is an ongoing work
on creating solid state electronics based on silicon-
on-insulator structures [2]. Using polycrystalline
silicon in manufacturing of microelectronic devices
makes it possible to create multilayer structures.
One of the advantages of such structures is that
the resistivity of the created layers varies within
a very wide range (several orders of magnitude).

However, the need for deep cooling and related
technological difficulties considerably restrict the
use of such materials. Moreover, one of the most
important areas of modern magnetoelectronics is
the study of the magnetoresistive effect (MR), and
in recent years the emphasis has been placed on the
phenomenon of giant magnetoresistance (GMR).
In the developed devices [1], in which there are
new effects due to the interaction of «magnetic
electrons» with artificially created nanosized struc-
tures, a combination of magnetism and electronics

is used, so they claim the birth of a new area of
magnetism and technology — magnetoelectronics.
In this case, InSb whisker crystals, due to their
morphology, high values of charge carrier mobil-
ity, structural perfection and high mechanical
strength, are a good model for studying the influ-
ence of external factors, in particular magnetic
field, for the concentrations corresponding to the
metal-semiconductor transition [3].

It is known that film materials using the
magnetoresistive effect, are sensitive to the elec-
tric current. Therefore, by changing the value
of the current one can change the amplitude of
the magnetoresistance. Thus, the authors of [4]
established the dependence of the magnetoresis-
tance of multi-layer materials based on Co, Ni or
Pt on the measuring current value. The obtained
results are explained [5] by the different effect
of the torque moment transfer by spin-polarized
charge carriers at different values of current. This
effect was anticipated by the authors of [6, 7] and
experimentally studied in [§—10].

On the other hand, the authors of [11, 12]
studied the manifestation of the magnetoresistive
effect in semiconductor-dispersed magnets. Here,
however, the magnetoresistance did not reach
high values (as opposed to InSb), which directly
affects the sensitivity of the devices developed on
their basis.

Previous studies conducted for InSb microcrys-
tals at cryogenic temperatures in strong magnetic
fields up to 14 T allowed detecting a number of
effects and to assess a number of electrophysical
parameters such as Shubnikov — de Haas (SdH)
oscillations (and their period) [13] and Dingle
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temperature [3], to detect GMR and negative
magnetoresistance, associated with significant
spin-orbital exchange interaction.

Moreover, the influence of external factors,
such as deformation, allowed to determine the
occurrence of the Berry phase [14] in the longi-
tudinal magnetoresistance, which was previously
observed by the authors of [15—17] in bismuth. It
is obvious that the deformation leads to a change
in the scattering mechanisms, and may also af-
fect electrophysical parameters in the transverse
magnetoresistance, in particular the GMR value.

The authors of this work aimed at studying
the deformation-induced changes in the electro-
physical parameters of the indium antimonide
microcrystals at the cryogenic temperatures in
strong magnetic fields up to 10 T, particularly
in the transverse magnetoresistance, in order to
investigate the possibilities of using such crystals
in the magnetoresistive sensors of deformation and
magnetic field, which could be used under difficult
operating conditions.

Experiment details

In order for the InSb whisker crystals to grow,
i.e., for the material to be transferred to the crys-
tallization zone, it was necessary to create a con-
centration gradient. This was achieved by creating
a temperature gradient between the dissolution
zone and the crystallization zone.

The whisker crystallization temperature was
720 K, while the evaporation zone temperature
was 850 K. While growing, the crystals were
doped with tin admixture, and the concentration
of charge carriers, determined by using Hall effect,
was from 6:10'6 to 6:10'7 ¢cm™3. The chosen InSb
whiskers were 2—3 mm in length and had lateral
dimensions of about 30 —40 um. Gold microwires
(10 microns in diameter) were pulse-welded to
the InSb micro-crystal to create eutectic contacts.

InSb whisker conductivity was studied in the
temperature range from 4.2 to 300 K. For these
studies, crystals were cooled down to the tempera-
ture of 4.2 K in a helium cryostat. The temperature
was measured by using a Cu—CuFe thermocouple,
calibrated with a CERNOX sensor.

The magnetic field effects of the whiskers were
studied using a Bitter magnet with the induction
of up to 14 T and the time scanning of field of
1.75 T /min in the temperature range of 4.2—77 K.
Stabilized electric current along the whisker was
created by the current source Keithley 224 in the
range of 1 —10 mA, depending on the resistance of
the crystal. CERNOX sensor was used to measure
magnetic parameters. Being weakly sensitive to
magnetic field induction B, the device has a varia-
tion of the output signal of about 1% at B=15T.

In order to evaluate the possibility of using
InSb microcrystals in mechanical sensors, the au-
thors used a technique of deforming the samples
by producing a difference between the linear ex-
pansion coefficients of the crystal itself and the
substrate on which it was fixed [18]. The uniaxial
deformation of microcrystals was carried out by
affixing the crystals on the substrates with HL.-931
glue with a polymerization temperature of 180°C.
According to this method, when the crystal is fixed
on the substrate, the thermal stress in the former
can be estimated by the ratio

15 o (T)-o.(T)
Gf(T):ZT[1_vs(T) =V, (T)

AGIAAGT

dt, (1)

were o, and o, are temperature coefficients of linear
expansion of the crystal and sub-
strate, respectively;

E,, E and v, v, are Young’s moduli and Poisson co-
efficients of crystal and substrate
materials, respectively;

t, and ¢, are the thickness of the crystal and
the substrate.

Parameter T, in this formula corresponds to
the technological temperature at which a rigid
connection is formed between the crystal and the
substrate, e.g., this may be the temperature of
adhesive polymerization.

To calculate the thermal deformation of the
whiskers, the authors used the temperature depen-
dences of the thermal expansion coefficients and of
Young's moduli for InSb and Cu from [19—21].

Assuming that the elastic coefficients depend
on temperature slightly in the temperature range
of 4.2—50 K, we can bring the formula (1) to the
following form:

& (1) =7[ o (T) -, (T)]dt,

were v is the coefficient that characterizes the ef-
ficiency of the transmission of deformation from
the substrate to the crystal, its value depending
on the geometry of the samples and the methods
of their fixation. In our case, the value of y is
calculated according to [18] and is equal to 0.7.

(2)

Experimental results

The use of semiconductor sensors based on the
piezoresistive effect remains the most common means
for converting mechanical quantities into an electrical
signal due to the high sensitivity and reliability of the
design [18]. Therefore, the focus of the experimental
studies of InSb semiconductor crystals at temperatures
of 4.2—300 K in strong magnetic fields (up to 14 T)
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Fig. 1. Temperature dependence of the resistance of
deformed InSb samples with different concentration of
charge carriers in the vicinity of the metal dielectric
transition (in cm™3):
1 — 6106, 2 — 2-10'7; 3 — 6-10"7

was on determining exactly how the deformation af-
fected the samples. Thus, Fig. 1 shows the temperature
dependence of the resistance of microcrystals fixed on
copper substrates with an average deformation level
e =—3-10"*rel. un. in the temperature range from
4.2 to 300 K.

Preliminary studies [3, 13] for free (not fixed)
InSb whiskers allowed estimating the gauge factor
(GF) at low temperatures, which can be deter-
mined by the ratio

_R-R
Rye

GF , (3)

were R is the resistance of the undeformed (free)
crystal;

R is the resistance of the deformed crystal;

¢ is the uniaxial strain acting on the crystal.

Fig. 2 presents the temperature dependences
of the gauge factor for these crystals calculated
from the experimental data. Throughout the en-
tire studied temperature range, strongly doped
crystals (Fig. 1) demonstrate the temperature
dependence of resistance that is typical for metal.
Piezoresistance manifests itself typically in these
crystals [22]: when subjected to compression de-
formation, the resistance of the crystals decreases.

At the temperature of liquid helium, GF, , =72 for
InSb microcrystals with a concentration of 2:10'7 cm™
and GF, , = 47 for the crystals with a concentration
of 6:10'6 cm™3, at € = —=3-107% rel. un. However,
for InSb microcrystals with a concentration
of 6:10'6 cm™3, gauge factor exhibits non-typical
properties: above the temperature of the liquid
nitrogen, it changes its sign from positive to
negative. The absolute value of the gauge factor
both at the temperature of liquid helium and in
the area of room temperatures reaches GF = 350,
which can be explained by the fact that the charge
carrier concentration approaches the values of the

dielectric state of the metal — dielectric phase tran-
sition. Apparently, this is caused by the fact that
the ensemble of charge carriers at low tempera-
tures becomes reduced, because the carriers are
being freezed out, and their transport is believed
to be caused by strong spin-orbit interaction in
the range of jump conductivity by twice localized
impurities [3, 13, 23].

Investigation of the behavior of the magnetic
resistivity at low temperatures can also help
understand the processes occurring in crystals
at low temperatures. Thus, the authors of [3]
noticed that magnetoresistance changes its sign
from positive to negative in the longitudinal di-
rection, which indicates a characteristic feature
of the studied samples. Another such feature was
described in [24]: magnetoresistance deviated
from the quadratic dependence in the range of
relatively weak magnetic fields.

The authors of [24] explained the emergence of
a negative magnetic resistivity by the formation
of «pairs», i.e., two states with paired spins, that
are relatively close to each other and distant from
others, which exist near the Fermi level.

In addition, the authors of both [3] and [25]
received high values of Lande g-factor (g = 60)
at a temperature of 4.2 K, indicating a strong
spin-orbit interaction.
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Fig. 2. Temperature dependence of the gauge factor
for InSb microcrystals with different concentration of
charge carriers (in cm™):

a) 1 — 210'7; 2 — 6-10'7; b) 6-1016
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In its turn, the deformation leads to the redistri-
bution of energy zones and to the manifestation of
the negative magnetic resistivity effect, associated
with a change in the density of states near the Fermi
level in the magnetic field. If the «pair» is ionized
once, its level is shifted upward when the magnetic
field increases. Some of the levels shift downward,
and others shift upwards, which leads not only to
the displacement of the Fermi level, but also to
the change in the density of states in its vicinity.

The authors of [13, 17] demonstrated that if
the chemical potential is equal to or lies slightly
below the second subband, then the increase of the
magnetic field B and the movement of the charge
carriers in the boundary zones cause the chemical
potential to shift, and due to this fact, the resis-
tance first drops sharply and then monotonously
grows. This is connected to the competing influ-
ence of the magnetic field on the magnitude of the
multiplier and the index in the expression of the
carrier dispersion probability at the Fermi level.

Fig. 3, a shows the experimental results on the
transverse magnetoresistance for deformed crystals
with a charge carrier concentration of 6-:10'® cm™
(which corresponds to the dielectric state of the
metal —dielectric phase transition). The figure
demonstrates that the deformation causes changes
in the conduction mechanisms inside the crystals,
which is reflected in the anomalous behavior of
the gauge factor. Thus, at low temperatures,
Shubnikov de Haas oscillations begin to manifest
themselves in InSb crystals for the transverse mag-
netoresistance, same as they do for the longitudinal
magnetoresistance.

For the deformed InSb microstructures with a
charge carrier concentration of 6:10'7 ¢cm™ (which
corresponds to the metal state of the metal —di-
electric phase transition), the magnetoresistance
significantly increases, reaching 250% (Fig. 3, b).

The probable reason for the growth of the mag-
netoresistance in such crystals is, obviously, the
release of «freezed-out» excess charge carriers due to
an increase in their mean concentration in the crystal,
and, consequently, an increase in average mobility.
This leads to the linearization of the characteristics
and a decrease of the temperature coefficient of re-
sistance of crystals in the 4.2—70 K range.

On the other hand, in the deformed InSb mi-
crocrystals with the charge carrier concentration
of 2:10'7 ¢m™3 (which corresponds to the metal-
dielectric phase transition), a giant magnetic resis-
tance was also observed, as well as its significant
increase in value (Fig. 3, ¢), reaching 720%. In
this case, however, the values of the temperature
magnetoresistivity coefficient were lower for the
temperature range of 4.2—70 K, which increases
the sensitivity to the magnetic field.
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Fig. 3. Transversal magnetoresistance of InSb whiskers
with different tin concentration (in cm™) for strained
samples at temperature range 4.2—70 K:

a — 610'% b — 610'7; ¢ — 2107

Application

The present stage of the development of new
branches of science and technology (space and
aviation technology, cryogenic technology, cryoen-
ergy, etc.) highlights the problem of creating
miniature highly sensitive mechanical, thermal,
and magnetic sensors with a special capacity to
operate at low temperatures [26 —31].

The studies on the influence of deformation and
magnetic field on indium antimonide microcrystals
with a charge carrier concentration from 6-10'6 to
6:10'7 cm™3 allowed identifying a number of effects
that make such materials suitable for use as basis
for the piezoresistive sensors and magnetic field
magnetoresistive sensors.

A photo of a standard physical quantity sensor,
developed during this study, is shown in Fig. 4.
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Fig. 4. Typical view of sensors of physical quantities

The temperature coefficient of resistance
(TCR) for such microcrystals was found to be
TCR = 0.004 Q/K (Fig. 1, curves 2, 3) at room
temperature (Fig. 2, a). Such samples can be
used to create mechanical sensors for two tem-
perature ranges: from 4.2 to 50 K and from 50
to 300 K, since there is a significant increase in
GF 550 = 720 at room temperature (Fig. 2, a).

For InSb crystals with a charge carrier con-
centration corresponding to the dielectric state
of the metal —dielectric phase transition, the
gauge factor is GF o = 350 and GF5,) = —350.
The temperature coefficient of resistance of such
samples is slightly lower (TCR = 0.001 Q /K).
The temperature-related change in the gauge factor
is linear (Fig. 2, b). Such samples can be used to
create piezoresistive sensors for a wide range of
temperatures.

The research on the magnetoresistance of de-
formed InSb microcrystals with a charge carrier
concentration from 6:10'6 to 6:10'7 cm™3 (covering
the metal —dielectric phase transition) at cryogenic
temperatures showed the following. The samples
with a charge carrier concentration of 6-10'6 ¢cm™
showed an instability of the temperature coef-
ficient of the magnetoresistance in the range of
4.2—70 K, caused by oscillation phenomena oc-
curing in the transverse magnetoresistance in mag-
netic fields up to 10 T. Such phenomena make it
impossible to use deformed InSb microcrystals in
magnetic field sensors at cryogenic temperatures.
The deformed InSb crystals with a concentration
of charge carriers of 6-10'7 ¢m™ demonstrated
a significant increase in the magnetic resistance
(up to 250%) at a sensitivity of 600 mV /T. The
temperature resistance (magnetic resistivity) for
the temperature range of 4.2—70 K in the fields
up to 10 T was TCR = 0.57 Q /K (Fig. 3, b). As
for the deformed InSb crystals with the charge
carrier concentration of 6:10'7 cm™ (which corre-
sponds to the metal —dielectric transition), there
was detected the giant magnetoresistance (which
increased up to 720%). The sensitivity to the
magnetic field here was 1500 mV /T. The tempera-
ture coefficient of resistance for the temperature
range of 4.2—70 K in the fields up to 10 T was
TCR = 0.46 Q /K (Fig. 3, ¢).

Conclusions

The studies on the influence of deformation on
the electrophysical parameters of indium antimonide
microcrystals at cryogenic temperatures in strong
magnetic fields (up to 10 T) allowed discovering a
number of effects that make such materials suitable
for use as basis for the magnetoresistive sensors of
deformation and magnetic field, that could function
under complex operating conditions.

It has been determined that the best option for
piezoresistive sensors that could function in a wide
temperature range (4.2—300 K) are the InSb mi-
crocrystals with carrier concentration of 6:10'® cm™
(which corresponds to the dielectric state of the
metal-dielectric transition).

Magnetic field sensors based on magnetore-
sistive principle were developed using the giant
magnetic resistivity effect reaching 720% at a tem-
perature of 4.2 K. Such sensors contain deformed
InSb microcrystals with a carrier concentration
corresponding to the metal-dielectric transition
(2:10'7 ¢cm™3). The developed microelectronic sen-
sor has ultra-high sensitivity to a magnetic field
of 1500 mV /T, and the simplicity of its design
provides low inertia and high performance at the
same time.
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Y po6omi docaidxkeno Oepopmayitino-cmumyivosane 3MiHeHHs eACKMPOPI3udHUX naApamempie HUmMronodio-
HUX KpUcmaiie awmumonioy indito 3a xkpiozennux memnepamyp y cusvhux mazuimnux noasx (do 10 Ti).
Humxonodi6ni kpucmani InSb supowysarucs memooom xiMiuHux zazompancnopmuux peaxuii. Temnepamypa
3onu Kpucmanizayii cmanosuna 720 K, sonu eunaposysanns — 850 K. Jezysanns xpucmaiie 30iiicnio8anocs
JOMIWKOI0 02108d 8 NPOYUECT POCMY, d KOHUEHMPAuis HOClie 3apsdy, 32i0H0 3 docaidxenuamu Xoanda, cmanosuid
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6:10'6 — 6:10"7 cm3. [lan docnidxkens 6yau eubpani numxonodiéni kpucmaiu InSh dossxunoro 2—3 mm 3 no-
nepeunumu poamipanu 6ausvko 30 —40 mxm. Eaexmpuuni konmaxmu 00 HUmxonodionux xpucmanie InSb 6yau
cmeopeni 3a 0onomozoio mixpoopomie Au diamempom 10 mxm, sKi ymeopiooms eemexmuxy 3 MiKPOKPUCALIOM
ni0 4aAc IMNYILCHOZO 36APIOSAHHS.

Enexmponposionicmo wumxonodibnux kpucmanie InSb docaidxyeanracs ¢ dianasoni memnepamypu 6io 4,2 0o
300 K. Kpucmanu oxonodxyeanu é zeniesomy xpiocmami. Temnepamypy sumipioganu 3a 0onomozon mepmo-
napu Cu—CuFe, xari6posanoi 3a donomozoio cencopa CERNOX. /epopmayiio spasxie (¢ = =310 6ion. 00.
npu 4,2 K) cmeopiogaru 3a paxymnox pisnuui 6 K0eqhiyicnmax mepmMiunozo pouupenns Humxonooibnux Kxpuc-
manie ma mamepianry niokiaoku, 3axKpina0iouu KpUcmaiy Ha Mionit niokiaouyi ma oxon00XKyouu 00 HU3LKUX
memnepamyp.

Ha ocnoesi nopisuannus onopy dedpopmosanux ma nededhpopmosanux kKpucmanrie 6yiu eusnaveni xoeghiyicnmu
menzouymaugocmi. 3uauenns xoegiuicnma menzouymausocmi mikpoxpucmarie InSb sa memnepamypu pioxo-
20 zenito cmanosumv GF, o = 72 3a xonyenmpayii nociie sapsdy 2-10'7 cu™? ma GF, , = 47 3a xonyenmpa-
uii 6:10"7 cm3. Jlas spaskie InSb 3 xonyenmpauicio 6-10'° cu™ xoeghivienm mensouymausocmi 6ua6AAE Hemu-
1061 8AACMUBOCNE: BUUE MEeMNepAMYPU PIOK0Z0 A30My il 3MIHIOE CEIll 3HAK 3 NO3UMUBHOZ0 HA HE2ZAMUSHUU.
Ab6coniomne 3nauenns KoepiuicHma men3ouymiueocmi K 3d ei€6UX MeMNePAmyp, Max i 6 00LACmi KiMHAM-
1ot docsizae npubausno 350, wo MOKHA NOACHUMU HACIUKEHHAM KOHUeHmpayii nociie 3apsdy 0o ¢azosozo ne-
pexody «meman — OieeKmpurs.

Bcemamnoeaeno, wo 015 3acmocysanns 6 n'€30pe3ucmusHux 0amuukax, npaye3oamuux 6 WupoKxomy memnepa-
mypromy Odianasoni (4,2—300 K), caid euxopucmosysamu mikpoxpucmanu InSb 3 xonyenmpauicio nociie 3a-
pady 6:10% cu™>. [laa pospobru damuuxie maznimmozo nois 3 MAzHiMOPEIUCTIUGHUM NPUHUUNOM Oii GUKOPU-
CMOBYEMbCsL ehexm 2izanmcokozo Maznemoonopy, axuti docszae 7209 3a memnepamypu 4,2 K. Taxuii dam-
yuKx micmumo oegpopmosani mixpoxpucmaiu InSb 3 xonuenmpayicio nociie 3apady, wo 6i0nogioae memaneso-
My 60y nepexody <meman — Oiesexmpuxs> i cmanogumn 2-10'7 cu™>. Pospob.aenuil mixpoerexmponnuii damuux
Mae Hadsucoxy uymausicmo 00 maznimuozo noas (1500 mB/Ta), a npocmoma xoucmpyxyii 3abesneuye o0HO-
4ACHO HU3LKY THEPYIUHICINL Md UCOKY NPOOYKMUBHICTD.

Kniouogi crosa: numxonodibui kpucmanu, InSb, xoepiuicnm menzouymausocmi, mazHemoonip.
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AEOOPMAIIMOHHO-CTUMYJ/JIMPOBAHHDBIE OOOEKTDI
B MUKPOCTPYKTYPAX AHTUMOHW/JIA NH/IMA ITP11 KPUOT'EHHbBIX
TEMIIEPATYPAX JIJII CEHCOPHbBIX IPYMMEHEHUI

Hccnedosanvt deopmayuoHHo-cmumMyaupoeantvle USMEHEHUS 31eKMPOPUIUUECKUX NAPAMEMPOE MUKPOKPU-
CMANI08 AHMUMOHUOA UHOUSL NPU KPUOZEHHWIX MEMNepamypax 6 CuivHolx Mazwumuvix noasx (do 10 Tx).
Ycemanoeneno, umo suauenue xoaghguuyuenma mensouyecmeumenvHocmu Muxpoxpucmanios InSb npu mem-
nepamype xudxozo zeaus cocmasasem GF, ., = 72 npu xonyewmpayuu nocumeneii sapsoa 2-10'7 cu™” u
GF, ,x = 47 npu xonuyenmpayuu 6-10"7 cu™ npu depopmayuu obpasyos ¢ = =310 omn. ed. [Ans paspa-
bomxu 0amyuKos MAazHummozo NOAsS ¢ MAZHUMOPEIUCMUCHIM NPUHYUNOM Oelicmeus. Ucnoiv3yemcs sghgexm
2UZAHMCKO20 MAZHEMOCORPOMuUB.ieHus, komopoe docmuzaem 720% npu memnepamype 4,2 K.

Knioueewvie crosa: numesuomnvie KpucmdaJilivl, I?’le, KoaqbqbuuueHm MEeH304Y6CMeuUme/lbHoCmu, MazHemoconpo-
museJjieHue.
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