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Abstract. The processes of electron scattering on
the short-range potential caused by interaction with polar
and nonpolar optical phonons, piezoelectric and acoustic
phonons, static strain centers and ionized impurities in n-
InSb with the defect concentration of 3 x10'7 cm™ are
considered. The temperature dependences of electron
mobility ranged between 4,2 K and 500 K are calculated.
Based on the InSb whiskers, there was elaborated a
highly sensitive Hall sensor operating in the wide range
of temperatures between 4,2 K and 500 K and magnetic
fields (up to 10 T) with a sensitivity of ~ 3,5 mV/T.
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1. Introduction

The investigation of physical properties of low-
dimensional structures was focused on the creation of
new functional materials with unique properties. One of
the problems of the research in the field of energy saving
and sensor electronics is the development of new high-
performance thermoelectric materials with linear
thermoresistive characteristics. These criteria are well
satisfied by the filamentary micro- and nanocrystals. A
small nanowire diameter provides effective phonon
scattering by surface, accompanied by a significant
decrease in thermal conductivity [1, 2]. Recently, the
thermoelectric properties of the InSb nanowires, placed
in an asbestos envelope have been investigated
intensively [3]. In particular, their Seebeck coefficient
was measured in the wide temperature range [4, 5]. It
was shown that the temperature dependence of the
Seebeck coefficient for heavily doped samples are well
described by Luttinger fluid theory [4]. The measured
value of the thermal conductivity of the InSb nanowires
at low temperatures turned out to be by several orders of
magnitude lower than the corresponding bulk samples
[5]. However, the above mentioned works do not clear
up the contribution of an asbestos shell to the nanowire
properties. Besides, the localization of the nanowires in
this shell is unknown that complicates the calculations,
leads to poor result reproducibility and prevents the
development of nanowire-based electronic devices. More
attractive is the research into naturally grown InSb
whiskers, which are widely used in magnetic sensors [6].

Clearly, the temperature dependence of the main
parameters (conductivity, the Seebeck coefficient, the
Hall constant) of the whiskers are mainly determined by
the priority mechanisms of carrier scattering, as well as
the presence of structural defects in the crystal. Thus, the
purposes of this work are applying the short-range
models to describe the processes of electron scattering
on impurities and various types of defects in the crystal
lattice for the doped InSb whiskers, comparing the
results of theoretical calculations with the empirical data,
and predicting the performances of the Hall sensors
designed on their basis.

2. Theoretical fundametals

The electron scattering in indium antimonide was
usually considered in relaxation time approximation or
using the variational method. The common feature of
these methods is the use of the long-range charge carrier
scattering models for the description of the transport
phenomena in this semiconductor. In these models, it is
supposed that the charge carrier interacts either with the
entire crystal (electron -phonon interaction) or with the
defect potential of the impurity, the action radius of
which is equal to ~10 — 100« («, is the lattice constant).
However, such an assumption has the following
contradictions: a) it contradicts the special relativity
according to which the charge carrier would interact only
with a neighbouring crystal region; b) it contradicts the
atomistic hypothesis according to which the charge
carrier interacts (and transfers the energy respectively)
only with one atom but not simultaneously with many
atoms which are situated in different points of space. For
these contradictions to be eliminated, it is necessary to
answer the following question — what object in the
crystal absorbs the energy while scattering the charge
carrier? It can be either an ionized (neutral) impurity
atom or an atom oscillating in a lattice site. While
scattering, none of these objects leave the boundaries of
the elementary cell. Therefore, the short-range charge
carrier scattering models in zinc-blende II-VI [7, 8] and
in wurtzite III-V [9, 10] semiconductors were proposed.
The carrier in the models was supposed to interact with
the defect potential only within one elementary cell.
Here the following physical reasons were used: while
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scattering, the electron interacts only with a neighboring
crystal region (the short-range principle), after scattering
over this region, the electron interacts with the next
neighboring crystal region, etc. The aim of the present
paper is the use of the short-range models to describe the
electron scattering on the various crystal lattice defects
in indium antimonide.

According to the short-range scattering models in a
zinc-blende semiconductor, the
transition probability from state k to state k' caused by
interaction with polar optical (PO), nonpolar optical
(NPO), piezooptic (POP) and piezoacoustic (PAC),
acoustic (AC) phonons, static strain (SS) potential,
ionized impurity (II) looks like [7,8]:

structure carrier

64 7[77/}1)00 et M;, +Mg )

Wo(k.K) =
ro 225836104(; MIn MSb

{L[Nwﬂg' —e—hw;y)+
Dro

+(Nyp +D)3(&' — e +hayy) |+ (1)

+i[NL05(5' —e—hw, )+
Dro

+(Nyp+D)3(E' —e+hay) ] }

3 2
7" Enpo
288 a,°G

M, + Mg,
Mln MSb

Wypo(k,K') =

{L[Nwé‘(g' —e—hw; o)+
Dro

+(Nyo +D)3(e' —e+hay,) |+ )
+L[NL05(5’ —e—hwy)+
Dro

+(N,p +1)S(s' —¢ +th0)}}

L (32 2Pl v M, + Mg,
Wpop(K,K) =| = 2 ’
75 £,°G M, My,

~{L[NLO5(8' —e—hw,,)+
Do

+(Nyo +DS(' —e+hay) |+ (3)

+L[NL05(.9' —e—hawpy)+
Dro

+(N, o +D)S(s' -6+ hcoLO)]}

128 7" €® e ag ypy kT

2256, h G [My,+ Mg]
12 )

[—+—J o(e'-¢);

¢ro  ‘ro

Wpic(k,K') =
4

kgl Eie
1447 G [M,, + Mg, ]

2
. L+i o (e'-¢)
CH c)

4 e4Zi2 Ny 71;‘
2l hV

W, ckK) =

6))

4
Wy (k,K') = D5 -6); (6)

524 32 62 2
23 mCaye ey Ngg
2
Ve, h

WSS (k, k,) =

. (7
: _5( '~ )9
qz & =&

where M;,,M, are the atom masses; G is the number
of unit cells in crystal volume; & represents the vacuum
permittivity; e denotes the elementary charge; kj is the
Boltzmann constant; 7% stands for the Planck constant;
N;o, Npo are the number of longitudinal (LO) and
transverse (TO) phonons with the frequency @, and wro
respectively; e;, is the component of a piezoelectric
tensor; ¢, ¢, represent the respective sound velocities;
V' is the crystal volume; N, Ngs denote the ionized
impurities and strain centers concentration respectively;
Z; is the impurity charge in electroncharge units; £,
Eypo are the acoustic and optical deformation potentials
respectively (valence band); yp, ,¥p, ., stand for the

fitting parameters determining the action radius of the
short-range potential (R= ya,, 0<yp,, ¥p, <0.86,
0<y;<1); g=|k'~k|; C~0.1.

It should be noted that the strong power dependence
of the parameters yp, , ¥p, , 7 sharply limits the choice
opportunities of their numerical values.

The parameters of the indium antimonide used for
the calculation are listed in Table 1.

The Fermi level was determined from the charge
neutrality equation given below:

n—-p=Np, 3

where Np is the value of donors concentration.
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Table 1
InSb parameters used in calculations
Value,
Material parameter temperature References
dependence
MVI =
=19.06597x107
Atom masses, kg
Mg, =
=20.21872x10""°
Lattice constant, m @~ [11]
’ =6.47937x10 "
E, =0.235-
Energy gap, eV -0.27x10 [12]
T 2/(T+106)
Energy equivalent of matrix E, =232 [13]
element, eV
. e [14]
Spin-orbit splitting, eV A=0.803
Density, gm - cm’ po=5.7746 [15]
Sound velosity, =3.77-10%, [16]
m-s €,=2.29-10°
Optical deformation
. Enpo =26. 1
potential, eV wro =26.8 [17]
Acoustic deformation
. E c=9. 1
potential, eV 4c=9.3 (18]
Optical phonon frequency, oo =3,39-10°
- 13 [19]
rad - s w0 =3,59-10
Piezoelectric tensor _
component, C - m™> e =0.071 (20]

The calculation of the conductivity tensor compo-
nents was done on the basis of the formalism of a precise
solution to the stationary Boltzmann equation [21].
Using this formalism, one can obtain the additional
fitting parameter yss Ngs (we put yss = 1) for an SS-
scattering mode.

3. Comparison of theoretical and experimental
results

A comparison of the theoretical temperature
dependences of the electron mobility was performed
with the experimental data, obtained on the InSb
whiskers grown by a chemical vapour deposition method
in the bromide system. The whiskers were doped with Sn
impurity to the concentration that corresponds to metal-
insulator transition.

The temperature investigations were conducted in
the temperature range between 4,2K and 300K in the
magnetic fields up to 14T. The samples were cooled
down to 4,2 K in a helium cryostat. A special inset with
a bifilar winding heater was used to heat up the samples
to the room temperature. The stabilized electric current
ranged between 100 pA and 1 mA was used depending
on the sample resistance generated by the Keithley 224
current source. The Keithley 2000 and Keithley 2010

digital ~voltmeters with simultaneous automatic
registration via a parallel port of PC, were used to
measure voltage at the samples’ potential contacts, the
output of the thermocouple and magnetic field sensor
with the accuracy of up to 1x10° V as well as for the
vizualization and saving the data arrays into files. The
Bitter-magnet- based setup was used to study the effect
of strong magnetic fields on the samples. The induction
of the magnet was 14T, deflection time — 1,75 T/min and
3,5 T/min at the temperature of <4,2 K respectively.
The experimentally obtained temperature depen-
dence of InSb whiskers resistance is shown in Fig. 1. As
seen in Fig. 1, the R(T) dependency for the InSb whis-
kers doped to the concentration corresponding to MIT
contains the minimum temperature of about 70 K which
correlates with a maximum of mobility (see Fig. 2).

Fig. 1. Temperature dependence of InSb wires resistance.

The experimental dependence 4,(I) for InSb

whiskers is presented in Fig. 2. The solid lines represent
the mobility calculated on the basis of the short-range
models within the framework of the exact solution to the
Boltzmann equation.
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Fig. 2. Ttemperature dependence of electron mobility in InSb

crystal with donor concentrations Np=3x10""cm’.
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The theoretical curves are seen to sufficiently agree
with the experimental data in all the investigated
temperature range. The obtained electron scattering
parameters for different scattering modes are listed in
Table 2.

Table 2
Parameters y for different scattering modes
Nggx10™
Np, (em™?) YpPo Vpz Vi Vss S :
(em™)
3x10 " 0.60 0.45 0.30 13.7

To estimate the role of different scattering
mechanisms, in Fig. 3, the dashed lines represent the
appropriate dependences.

Fig. 3. Contribution of different scattering modes into electron
mobility in InSb with donor concentrations Np=3x10"cm™.

The solid line is a mixed scattering mechanism.

In the whole temperature range, the main scattering
mechanism is seen to be the static strain scattering. At
higher temperatures, the contribution of the polar optical
phonon scattering plays a dominant role. The other
scattering mechanisms such as acoustic and piezo-
acoustic phonon scattering, nonpolar and piezooptic
phonon scattering, and ionized impurity scattering give
negligibly small contributions.

4. Application of the results

Thus, the results of the calculations showed that the
main mechanism of carrier scattering in InSb whiskers at
low temperatures is the scattering by static strain. The
source of this static strain is a crystal surface. When the
whisker diameter becomes small, the effect of its surface
causes the so-called Laplacian compression of sub-
surface layers of the crystal. The effect of this natural
strain is especially pronounced in the temperature
dependences of the samples with a dopant concentration
near the metal-insulator transition, in particular, can
change the conductance from a metal to a
semiconductor, as shown in the studied samples (Fig. 1).

As a result, there is a weak temperature dependence of
the resistivity in a wide temperature range between 4.2 K
and 500 K, which is essential for the creation of sensors.
The Hall sensors are among a large number of
physical quantities sensors [22] for wide application in
aerospace engineering, cryogenic engineering, etc.
Highly useful, high-speed, miniature sensors of physical
quantities are efficient in difficult conditions, in different
temperature ranges, i.e. at cryogenic temperatures.

Fig. 4. Hall voltage versus magnetic field induction
for InSb whiskers.

As shown by the experimental studies, the
dependence of the Hall voltage on a magnetic field
induction is linear (Fig. 4). Reproducibility of the signal
across the field is high enough. This takes into account a
weak temperature dependence of the resistivity within
1 % (see Fig.1). As a result, the field dependence of the
Hall voltage is independent of the temperature ranged
between 4,2 K and 500 K. On the other hand, the
amplitude of the signal (35 mV) provides sufficient
sensitivity to the measured parameter.

5. Conclusion

On the basis of the short-range principle, the
electron scattering processes on various types of crystal
defects in n-InSb have been considered. A sufficiently
good agreement between the theory and experiment in
the investigated temperature range has been established.
Based on the research, a highly sensitive InSb Hall
sensor has been elaborated. The sensor is able to
function in a wide range of magnetic fields (up to 10 T)
with a sensitivity of ~ 3,5 mV / T. The advantage of the
sensors is stability of their performances in the wide
temperature range between 4,2 K and 500 K.
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MIKPOKPHUCTAJIH InSb JIJIA CEHCOPHOI
EJEKTPOHIKH

Amnatomiit Jpyxusid, Irop OctpoBcbkuii, FOpiii
Xosepko, Irop Xutpyk, Kiamrod Porariki

PosrasgHyTO TIpOLIecCH PO3CISHHS €NEKTPOHIB HA OTU3BKO-
IitoYOMy TTOTEHIlaNi, BUKIMKAHOTO B3a€MOMIEI0 3 TOJISIPHUME
Ta HEMOJSPHUMH OTNITHYHUMH (QOHOHAMH, 11’ €30€JIEKTPHYHIMH
Ta aKyCTHYHHMHA (DOHOHAMH, iOHI30BaHUMH MOMIITKaMH Ta
LeHTpamMH cTathuHol zedopmauii 8 n-InSb 3 xoHUeHTpaLieto
medexrie 3 x10'7 cv™. V Mexax TOMHOro po3s’s3Ky CTario-
HapHOTO pIRASHHS BOJRLMAaHA Ha OCHORI TPWHLHMITY OIIN3h-
KOmii pO3paxoBaHO TeMIepaTypHi 3aleXKHOCTI PYXJIUBOCTI
elekTpoHie B iHTepRami 4,2-500 K. BceraHomneno ao6pe
Y3TOIMKCHHS Teopii Ta eKCIEPUMEHTYy Y AOCHIIDKCHOMY
iHTepBani Temieparyp. Ha OCHOBI HMTKOIOZIOHMX KPHCTANIB
InSb  po3pobiteHO  XOJUTiBCHKMIT  DaTUMK, Oi€3JATHAN Yy
MIUPOKOMY TeMIlepaTtypHoMy iHTepBaii 4,2—500 K ta B o6macti
BHCOKMX MarHitThux mouis (mo 10 Ti) 3 uymmwmBicTIO
~3,5MB/Tmn.
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