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The role of the impurity donor band in the conductivity of a highly
doped and compensated TiCoSb semiconductor is determined.
The electronic structure of a TiCo1−x Nix Sb semiconductor solid
solution is calculated. The model of the reconstruction of the
impurity band of the TiCoSb semiconductor under its doping
by donor impurities is proposed. The theoretically predicted and
experimentally verified transition from the activated conductivity
to the metallic one during a change of the composition of a
TiCo1−x Nix Sb solid solution is interpreted as the Anderson
transition.

1.

Introduction

The presented research, which continues the study
of the dopant influence on the electrophysical
properties of inter-metallic compounds of the
structural type MgAgAs, in particular, semiconductors
(M1 ,M2 )(Co,Ni)(Sn,Sb), where M1 =Ti, Zr, Hf and
M 2 =Sc, Y, La, Tm, Lu, V, Nb, Ta, shows an
important role of the impurity energy levels in the
conductivity of these semiconductors. This conclusion
is based on the analysis of our theoretical and
experimental results and on the known theoretical and
experimental investigations of the electronic and crystal
structure, specific electric resistance, Hall and Seebeck
coefficients, optical properties, specific heat, electron
paramagnetic resonance spectra, magnetization, and
magnetic susceptibility of pure M1 NiSn and M1 CoSb
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and doped semiconductors (the solid solutions on their
basis)[1—11].
The study of the influence of acceptor impurities
of various concentrations, from NA = 3.5 × 1020
cm−3 to NA = 5.3 × 1021 cm−3 , on the kinetic
phenomena in n−ZrNiSn and the calculation of
the electron density distribution in Zr1−x Scx NiSn
allowed us to propose, for the first time, a model
of the reconstruction of the acceptor impurity
band upon the doping of the semiconductor by
acceptor impurities. The predicted dielectric-metal
transition in the conductivity, which is the Anderson
transition, was also observed experimentally [12,
13]. In [14], a new approach was developed for
the interpretation of the experimental results for
highly doped and compensated semiconductors
of the structural type MgAgAs. This approach
takes into account simultaneously the properties
of highly doped and compensated semiconductors
[15] and a local disorder of the crystal structure,
especially those of semiconductor solid solutions
[16].
The determination of a position of the Fermi level,
(EF ), and the variation of its position in the TiCoSb
semiconductor by means of doping are the important
practical problems, because this semiconductor is one
of the most investigated and promising thermoelectric
materials [17—19].
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Structural disorders in compounds of the MgAgAs
type [20] and the disorders caused by fluctuations of the
concentration of charged impurities (with concentrations
1019 ÷ 1021 cm−3 ) [15] are responsible for the appearance
of impurity levels in the forbidden gap, as well as
of localized states separated by the mobility edge in
the continuous energy band [16]. This has an essential
influence on the kinetic properties of a semiconductor. In
order to separate the phenomena related to the impurity
band, we carried out the calculation of the electronic
structure of TiCo1−x Nix Sb using the Green function
method in the coherent potential approximation [21].
In this work, we study the influence of
donor impurities on the kinetic characteristics of
semiconductors with a structure of the MgAgAs type.
We investigate the electric conductivity, Seebeck
coefficient, and magnetic susceptibility of TiCoSb
compound doped by donor impurities of various
concentrations. These dopants replace Co (3d7 4s2 )
by Ni (3d8 4s2 ) and create the solid solution of
substitution TiCo1−x Nix Sb. In the experiments, the
donor concentration was changed from ND = 1.9 × 1020
cm−3 (x = 0.01) to ND = 3.8 × 1021 cm−3 (x = 0.2).
2.

Experimental Technique

The samples of the TiCo1−x Nix Sb solid solution were
prepared by the method of electric arc fusion of the
original elements on a copper water-cooled substrate in
the refined argon atmosphere. The alloys underwent the
homogenizing annealing at 1070 K during 720 h in the
vacuumized quartz ampoules. The x-ray phase analysis
was carried out with the use of diffractometers DRON2.0 (FeKα radiation) and HZG-4A (CuKα radiation).
The lattice parameters and the details of the crystal
structure were calculated with the use of the software
CSD [22]. The electric resistance ρ, Seebeck coefficient
S with respect to copper, and magnetic susceptibility
χ (Faraday method) were measured in the temperature
range 80÷380 K.
3.

Calculation of the Electronic Structure of
the TiCo1−x Nix Sb Solid Solution

Figure 1 shows the calculated electron density
distributions for each component of the TiCo1−x Nix Sb
solid solution and the total distribution for various
values of x. It can be seen that the TiCoSb and
TiNiSb compounds, which present the extremes in
the solid solution concentrations, are the narrow-band
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semiconductors. This conclusion is consistent as with the
experimental data, as with the theoretical calculations
by the pseudo-potential method [5]. The difference
between these two compounds is that the Fermi level
lies in the band gap in TiCoSb and in the conduction
band in TiNiSb. Accordingly, the TiCoSb conductance
is of the activation type and is determined mainly by
the concentration ratio of donor and acceptor impurities,
while the conductivity of TiNiSb has a metallic character
and is determined by electrons of the conduction band.
Figure 1 shows also that the electron density above
the Fermi level is determined mainly by the d-states
of Ti, while the electron density in the valence band
is determined by the d-states of Co or Ni that overlap
with the d-states of Ti and p-states of Sb. Already at
x = 0.1, the Fermi level falls into the conduction band.
The increase in x is accompanied by the Fermi level
drift further in the depth of the conduction band. In
this case, we observe a decrease of the intensity peaks in
the valence band at –0.14 and –0.006 Ry (for TiCoSb)
which belong to the d-states of Co and Ni, respectively.
A new peak at –0.22 Ry below the Fermi level, which is
related to the increase of the d-states of Ni, becomes
more distinctive and dominates at x = 0.9. In this
case, the conductance of TiCo1−x Nix Sb has a metallic
character. Thus, the replacement of Co by Ni in the
TiCo1−x Nix Sb semiconductor solid solution leads to the
transition of the conductance from activated to metallic.
The state density calculation at the Fermi level
shows (Fig. 2, insertion) that, for small x (small
donor impurity concentrations), the state density at the
Fermi level is determined by the d-electrons of Ti with
the essential contribution of the d-states of Co. With
increase in x, the main contribution comes from the delectrons of Ni.
4.

Experimental Investigations of
TiCo1−x Nix Sb

The x-ray phase analysis confirms that all investigated
samples of the TiCo1−x Nix Sb solid solutions with x=
0 ÷ 0.1 are singe-phase and are crystallized in a
structure of the MgAgAs type (spatial group F 43m).
The more detailed investigations of the crystal structure
of the phases of the compositions TiCo0.99 Ni0.01 Sb and
TiCo0.95 Ni0.05 Sb show that the atom distribution in the
samples corresponds to a structure of MgAgAs type, in
which positions 4(a) 0 0 0 are statistically occupied by
Ni and Co atoms.
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Fig. 1. Component and total state density distributions in the

1−x Nix Sb

The dependences lnρ(1/T ) for TiCo1−x Nix Sb with
x ≤ 0.01 are typical of semiconductors (see Fig. 3). At
x > 0.01, the activation parts of these curves disappear,
and the functions represent the metallic conductance.
On the plot of ln ρ(1/T ) for TiCoSb, one can distinguish
the regions of the high- and low-temperature activation
conductivity. The first of these regions is related to
the electron activation from the Fermi level, which is
situated in the Coulomb gap of the impurity band, to
the non-localized states of the conduction band (ε1 ).
The second region is attributed to the activation at
the mobility edge EC of the conductive band (ε2 ).
Calculations show that ε1 ≈176 meV and ε2 ≈ 9 meV
for TiCoSb (x = 0).
Figure 4 shows that the Seebeck coefficient changes
with temperature nonlinearly. This behavior, S(T ), nontypical of classical semiconductors is due to the high
concentration of impurities (∼1020 cm−3 ) [24]. Such
ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 5

semiconductor solid solution

a behavior was observed in ZrNiSn semiconductors
compensated and highly doped by acceptor impurities
[25,26]. For the sample with x = 0, the value of S at
T < 100 К is positive (Figs. 2 and 4) and is negative
at higher temperatures as for all other samples in the
measured temperature range. The sign change for the
Seebeck coefficient from positive to negative shows that
the studied sample of TiCoSb contains uncontrolled
impurities and has the hole type of conductance. Here,
we should mention that all investigated samples were
single-phase according to the x-ray analysis, which
means that this method did not provide a precise
measurement of the amount of impurities which, in
turn, have an essential influence on the semiconductor
properties.
Doping the semiconductor with donor impurities
with the concentration ND = 1.9×1020 cm−3 (x = 0.01)
leads to the reconstruction of the impurity band as a
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Fig. 2. Conductivity σ (1), Seebeck coefficient S (2), magnetic
susceptibility χ (3), and the calculated state densities at the Fermi
level (insert) versus the composition of TiCo1−x Nix Sb at 80 K

Fig. 4. Seebeck coefficient S for TiCo1−x Nix Sb versus temperature
for various x: 1 — 0; 2 — 0.01; 3 — 0.03; 4 – 0.05

Fig. 3. Specific electric resistance ρ of TiCo1−x Nix Sb as a function
of temperature for various x: 1 — 0; 2 — 0.01; 3 — 0.03; 4 — 0.05

result of the change of a compensation degree of the
semiconductor. The latter should result in the change of
the Fermi level position, the size of the band, and its
position with respect to the maxima of the continuous
energy bands and in the change of the conductance
mechanisms of the semiconductor. At the full
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compensation of the semiconductor, the Fermi level is
located at the bottom of the impurity band, and it will
move under overcompensation (the further increase in
x) within the impurity band towards the conduction
band [15]. The decrease of the activation energy ε2 from
9 meV (x = 0) to 3.5 meV (x = 0.01) indicates an
increase of the electron localization radius and a shift
of the Fermi level with respect to the mobility edge
of the conduction band EC due to a change of the
compensation degree of the semiconductor. As follows
from Fig. 2, in this concentration range (x = 0 ÷ 0.05),
we observe the weaker dependence χ(x) (χ ∼ N (EF )
for Pauli paramagnetics) and the increase in S(x) (S ∼
kB T /EF ). Because all investigated samples are Pauli
paramagnetics, the observed correlation in S(x) and
χ(x) in the concentration range ND = (1.9 ÷ 9.5)×1020
cm−3 (x = 0.01 ÷ 0.05) indicates a decrease in the state
density at the Fermi level, which is due firstly to a
change of the compensation degree of the semiconductor
and to its following overcompensation from the p- to ntype conductivity. This causes the Fermi level shift from
the bottom of the impurity band towards the conduction
band (in the case of a strong compensation of the ntype semiconductor), up to the top of this band (in the
case of a weak compensation) as the donor impurity
concentration increases [15]. We can assume that, in this
concentration range, the Coulomb gap disappears due to
the filling of all the states of the impurity band, while
the impurity band overlaps with the mobility edge of the
conduction band, and the Fermi level EC settles at the
ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 5

DIELECTRIC—METAL TRANSITION

minimum of the state density. Moreover, Fig. 3 yields
that the contribution of the band carriers for the sample
with x = 0.01 at T ≥ 270 K increases, and we observe
the metallization of the conductivity at T ≥ 300 K,
while the increase of ρ(T ) may be attributed to the band
scattering mechanisms. Thus, already at x = 0.01 and
high enough temperatures, there is a sufficient amount of
free electrons with quite a high mobility which have an
essential influence on the semiconductor conductivity.
As a result, the conductivity in this concentration range
increases by three orders.
It should be noted finally that, at ND > 9.5 × 1020
−3
cm (x > 0.06), we observe stronger dependences χ(x)
and σ(x) and, at the same time, a decrease of the Seebeck
coefficient with the change of the composition of the nTiCo1−x Nix Sb semiconductor solid solution. This is due
to the appearance and the increase in the concentration
of free electrons and the increase in the state density
at the Fermi level in the conduction band (above EC ).
Semiconductor n-TiCo1−x Nix Sb has the metallic type of
conductivity.
In analogy with the doping of semiconductors by
acceptor impurities [12—14], we propose a model of the
reconstruction of the impurity band of TiCoSb during
the doping by donor impurities of various concentrations
(Fig. 5).
5.

Fig. 5. Model of the impurity band reconstruction of TiCoSb under
doping by donor impurities

semiconductor. The agreement between the theoretical
calculations and the experimental results, which indicate
the conductivity transition from activated to metallic,
shows the validity of the proposed model of the impurity
band reconstruction during the doping of the TiCoSb
semiconductor by donor impurities.
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Concluding Remarks
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EC − EF < 0.
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ПЕРЕХIД ДIЕЛЕКТРИК—МЕТАЛ ПРИ ЗМIНI СКЛАДУ
СИЛЬНОЛЕГОВАНОГО ТА КОМПЕНСОВАНОГО
НАПIВПРОВIДНИКОВОГО ТВЕРДОГО РОЗЧИНУ
TiCo1−x Nix Sb. ДОНОРНI ДОМIШКИ
В.А. Ромака, Ю.В. Стадник, М.Г. Шеляпiна, Д. Фрушарт,
В.Ф. Чекурiн, Л.П. Ромака, А.В. Ткачук
Резюме
Визначено роль домiшкової донорної зони в провiдностi сильнолегованого та компенсованиого напiвпровiдника TiCoSb.
Здiйснено розрахунок електронної структури напiвпровiдникового твердого розчину TiCo1−x Nix Sb. Запропоновано модель
перебудови домiшкової зони напiвпровiдника TiCoSb при легуваннi донорними домiшками. Теоретично передбачено та експериментально виявлено перехiд провiдностi вiд активацiйної до
металiчної при змiнi складу твердого розчину TiCo1−x Nix Sb,
який ми пов’язуємо з переходом Андерсона.
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