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The structural, electrokinetic, and energetic properties of the TiixAlxNiSn semiconductor solid solution,
obtained by introducing of Al atoms into the structure of the TiNiSn half-Heusler phase by substituting Ti atoms
in the crystallographic position 4a, were studied. It is shown that in the range of concentrations x = 0-0.01, Al
atoms mainly replace Ni atoms in the 4c position, generating acceptor states. It was established that at temperatures
T =80-160 K, the ratio of concentrations of ionized acceptor and donor states in n-TirxAlxNiSn, x = 0-0.04, is
unchanged, but the concentration of donors is greater. At higher temperatures, T > 250 K, deep donor states that
existed in n-TiNiSn as a result of "a priori doping™ of the semiconductor are ionized. An additional mechanism for
the generation of donor states in n-Ti1xAlkNiSn when the tetrahedral voids of the structure are partially occupied
by Al atoms was revealed. The concentration ratio of the generated donor-acceptor states determines the position
of the Fermi level er and the conductivity mechanisms of n-TiixAlxNiSn. The studied semiconductor solid solution

is a promising thermoelectric material.
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Introduction

Thermoelectric materials based on half-Heusler
phases (structure type MgAgAs, space group F43m [1])
have a high efficiency of converting thermal energy into
electrical energy [2]. The formation of substitution solid
solutions based on half-Heusler semiconductor phases
MNiSn (M —Ti, Zr, Hf) allows to purposefully change the
values of specific electrical conductivity o, thermopower
coefficients a and thermal conductivity « and to obtain
high values of thermoelectric factor Z (Z=o?-6/x) [3]. In
turn, understanding the mechanisms of electrical
conductivity of solid solutions based on half-Heusler
phases is decisive in the process of optimizing the kinetic
characteristics of semiconductor thermoelectric materials
to increase the efficiency of converting thermal energy
into electrical energy by changing the impurity
concentration [2, 4].

In the proposed work, a new semiconductor solid
solution Ti1.«AlxNiSn is obtained by substituting Ti atoms
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(3d%4s?) for Al atoms (3d?3pY) in the crystallographic
position 4a of the TiNiSn compound, which should
generate structural defects of an acceptor nature in the
crystal (the Al atom has a smaller number of electrons on
the outer shells than Ti). The study of the structural,
kinetic and energetic properties of the TiixAlxNiSn solid
solution will allow us to understand the nature of the
electrical conductivity mechanism, which will make the
process of obtaining a thermoelectric material manageable
and predictable.

Previous structural studies of the TiNiSn half-Heusler
phase established the disordering of its crystal structure,
which consists in the existence of a statistical mixture of
Ti and Ni atoms in the crystallographic position of Ti
atoms (4a). It is shown that ~0.5% of Ti atoms are replaced
by Ni in position 4a, and the compound is described by the
formula (TiogesNiooos)NiSn [5]. Partial occupation by Ni
atoms (3d®4s?) of crystallographic position 4a of Ti atoms
generates structural defects of the donor nature in the
crystal, since the Ni atom has a greater number of d-
electrons than the Ti atom. Calculations of the distribution
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of the density of electronic states (DOS) showed that the
TiNiSn compound is a semiconductor of the electronic
conductivity type. At the same time, small donor states of
two types appear in the band gap &4 of the semiconductor.
Shallow donor states (donor band ep!) are located near the
bottom of the conduction band ec and overlap with its
edge, forming a "tail" of the density of states. Deeper
donor states (donor band ep?) are ionized at temperatures
T>250K.

Calculations also showed that the band gap &4 of n-
TiNiSn is sensitive to the concentration of Ni atoms in the
4a position of Ti atoms. For the disordered version of the
(Ti1--Niy)NiSn structure, the values of gg(x) decrease from
gg(x =0) ~320 meV to gy(x = 0.01) ~120 meV. Kinetic,
energy, and magnetic studies of the n-TiNiSn phase agree
with the results of the electronic structure modeling [5].
Therefore, the nature of "a priori doping"” of the TiNiSn
half-Heusler phase by donors is related to defects in its
crystal structure as a result of partial, up to 0.5 at. %,
substitution of Ti atoms with Ni atoms in position 4a.

In this context, it seems interesting to study when Al
atoms will be introduced into the structure of the TiNiSn
half-Heusler phase by replacing Ti atoms in the 4a
position. A priori, we expected the generation in
Ti1xAlLNISn of only defects of an acceptor nature and the
appearance in the band gap &g, along with the existing
donor states (bands ep® and ep?), acceptor states (bands
eal). At low concentrations of Al atoms, this will lead to
an increase in the degree of compensation of the
semiconductor, an increase in the specific resistance
p(x,T), and at higher concentrations — a change in the sign
of the thermopower coefficient a(x,7) from negative to
positive, while the holes will become the main current
carriers.

The following results of the study of the structural,
kinetic and energy properties of the Ti;xAlNiSn
semiconductor solid solution will allow us to establish the
factors that have a decisive influence on the crystal and
electronic structures. The latter will make it possible to
model and obtain thermoelectric materials with a high
efficiency of converting thermal energy into electrical
energy [2, 4].

I. Research methods

The synthesis of TiixALNiSn solid solution samples
(x = 0-0.10) was performed by the method of electric arc
melting of a charge of compact metals (weighing accuracy
+0.001 g) in a purified argon atmosphere (spongy Ti was
used as a getter). For homogenizing annealing, the
synthesized alloys were sealed in vacuumed quartz
ampoules and annealed at a temperature of 1073 K for
720 hours, followed by quenching in cold water without
breaking the ampoule. X-ray phase analysis of annealed
alloys was carried out based on X-ray powder patterns
obtained on a DRON-4.0 powder diffractometer (FeK,-
radiation). Crystallographic parameters of Ti;xAlxNiSn
samples were calculated using the WinCSD program [6].

The method of energy dispersive X-ray spectroscopy
(EDRS) (scanning electron microscope Tescan Vega 3
LMU) was used to confirm the chemical and phase
composition of the samples and determine the content of
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components in the phases. Measurements of the
temperature dependences of the specific electrical
resistivity p(7.x) and the thermopower coefficient a(x,7)
of TiixALNISn samples, cut in the form of rectangular
parallelepipeds of size ~1.0x1.0x5 mm?, were carried out
by the two-probe method in the temperature range 80400
K. Measurements of the values of the thermopower
coefficient were carried out by the potentiometric method
relative to copper. Measurements of the voltage drop on
the samples were carried out in different directions of the
electric current to reduce the influence of "parasitic"
effects at the contact points, as well as the influence of a
possible p-n transition [2].

Il. Study of the structural properties of
Til-xAIxNisn

X-ray phase analysis of the obtained TiixAlkNiSn
samples proved the absence of traces of impurity phases
with Al concentrations of x=0-0.04, except for the main
phase, which is indexed in the structure type MgAgAs [1]
(Fig. 1a). At higher concentrations of Al atoms, x > 0.04,
additional reflections appear on the powder patterns,
which were identified as inclusions of the AINi phase
(structure type CsCl), and the TigesAloosNiSn sample
contains, in addition to the AINi phase, impurity Sn
reflections (Fig. 1a). According to the results of the X-ray
spectral analysis, the concentration of atoms on the surface
of the TixAlxNiSn samples, x = 0-0.04, corresponds to
the initial composition of the charge (Fig. 2a). As shown
in fig. 2b, c, according to the results of EDRS analysis,
Ti1xAlKNISn samples at concentrations x >0.04 also
contain inclusions of the AINi phase (Tig.9sAlo.0sNiSN) or
two impurity phases AINi and Sn (Tio.gsAloosNiSn). In
addition, the X-ray spectral analysis showed the
unchanged concentration of Ni atoms in the Ti;xAlkNiSn
samples with Al content of x>0.04. Based on the results of
X-ray phase and X-ray spectral analyses, further studies
were performed for TiwxALNISn  samples with
compositions of x = 0-0.04.

X-ray structural studies of Ti;xAlxNiSn solid solution
samples, x = 0-0.04, due to insignificant concentrations of
impurity Al atoms did not allow to reveal the ordering of
the crystal structure of the half-Heusler phase, which was
characteristic when, for example, Dy, Y, Sc V, So, Su, Ga,
In atoms were introduced into the structure [2]. On the
other hand, structural studies of TiixAlxNiSn samples,
x = 0-0.04, established the complex behavior of the lattice
parameter a(x) with increasing concentration of Al atoms
(Fig. 1b). Since the atomic radius of Al (rai= 0.143 nm) is
close to that of Ti (rr;=0.146 nm), we expected a slight
decrease in the values of the lattice parameter a(x) of
Ti«AlNiSn when replacing Ti atoms with Al in the 4a
position. However, the result turned out to be
diametrically opposed to what was expected: for
concentrations x = 0-0.04, the values of a(x) TiixALNiISn
increase. This behavior of a(x) Ti1xAlxNiSn suggests that
the Al atoms introduced into the matrix of the half-Heusler
phase of TiNiSn can simultaneously, in different ratios,
partially occupy both different crystallographic positions
and the tetrahedral voids of the structure, which make up
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Fig. 1. X-ray powder patterns of samples (a) and variation of the lattice parameter a(x) (b) of TiixAlxNiSn.
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Fig. 2. Microphotographs of samples Tio.gsAlo.02NiSn (@), Tio.gsAlo.osNiSn (b) and Tig.eaAlo.osNiSn (C).

~24% of the volume of an unit cell [2]. Taking into
account the fact that the atomic radius of Ni
(rni=0.124 nm) is the smallest among the components of
the TiixAlNiSn solid solution (rsp=0.162 nm), the
increase of the lattice parameter a(x) in the concentration
range x=0-0.04 can be associated with Al atoms
occupying crystallographic position 4c of Ni atoms, as
well as tetrahedral voids of the structure.

In the case of substitution of Ni atoms (3d84s?) for Al
atoms (3d?3pY) in TiwxAlNiSn structural defects of an
acceptor nature are generated since the Al atom contains
fewer d-electrons. At the same time, in the band gap &4 of
the semiconductor Ti1xAlxNiSn, next to the acceptor band
eal, which could have arisen when Ti atoms (3d?4s2) were
replaced by Al atoms, the acceptor band ex? will appear.
In the event that Al atoms occupy the tetrahedral voids of
the structure, defects of the donor nature are generated,
and another donor band will appear in the band gap &g. As
a result, the semiconductor TiyxAlxNiSn, x = 0-0.04, will
be heavily doped and compensated, simultaneously
contain donor and acceptor states, and their ratio will
determine the type of main current carriers [7].

Given the small concentrations of Al in TiixALNiISn
and the accuracy of X-ray structural studies, we could not
identify the causes of structural transformations of the
solid solution. The given considerations regarding
changes in the structure based on the behavior of the
parameter of the unit cell a(x) are of an evaluative nature.
The results of the study of the kinetic and energy
properties of Ti1xAlNiISn, x = 0-0.04, should clarify the
conclusions regarding possible changes in the structure of

159

the semiconductor. On this basis, it will be possible in the
future to model crystal and electronic structures as close
as possible to the real state of matter, which will be the
basis for optimizing the Kkinetic properties of the
thermoelectric material by choosing doping conditions

[4].

I11.Study of Kinetic and
properties of Tii-xAlxNiSn

energetic

In Fig. 3 shows the temperature dependences of the
specific electrical resistivity In(p(1/T,x)) and the
thermopower coefficient a(1/7,x) of the TiixAlNiISn
semiconductor solid solution, x=0-0.04. At all
TiixAlNiSn concentrations, the temperature dependences
In(p(1/T,x)) and a(1/T,x) have high-temperature activation
regions (Fig. 3), indicating the location of the Fermi level
er in the band gap &g. Since at all temperatures the sign of
the thermopower coefficient a(1/7,x) is negative, the main
electric current carriers of Ti.«AlxNiSn are electrons, and
the Fermi level & is closer to the conduction band ec.
Therefore, all TiixAlNiSn samples are doped and
compensated semiconductors of the electronic
conductivity type [7]. The obtained result does not
correspond to previous expectations regarding the type of
conductivity but is consistent with the conclusions of
structural studies.

The temperature dependences In(p(1/T,x)) of
TiixALNISn (Fig. 3) can be described by the well-known
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Fig. 3. Temperature dependences of specific electrical resistance In(p(1/T,x)) (1) and thermopower coefficient
a(1/Tx) (2) of n- TiixALNiISn samples.

expression (1) [7]:

-1(T) = p! _ Sf -1 _ Sg 1
p (M) =prexp|—i o) tpstexp|—20) (D)
where the first high-temperature term describes the
activation of current carriers £:°(x) from the Fermi level er
into the conductivity band ec, and the second, low-
temperature term, describes the jump conduction &3°(x)
with energies close to the Fermi level er. The temperature
dependence of the thermopower coefficient a(1/Tx)
n-Ti1xAlNiSn (Fig. 3) is described by formula (2) [8]:

a=k—3(i—y+1),

e \kgT (2)
where y is a parameter that depends on the nature of the
scattering mechanism. Based on formula (2), the values of
activation energies ¢1%(x) and &3*(x) were calculated from
the high- and low-temperature activation regions of the
dependence «(1/T,x). The authors [9] showed that in
heavily doped and compensated semiconductors, the
values of the activation energies &1*(x) and &3*(x) are
proportional to the amplitude of the large-scale fluctuation
of the continuous energy bands and the small-scale
fluctuation. The amplitude of the band modulation
indicates the degree of compensation of the
semiconductor.

The absence in the n-Ti1xAlxNiSn samples, as well as
in the base semiconductor n-TiNiSn, of the mechanism of
jump esP-conductivity at low temperatures and the
presence of activation of electrons &:°(x) from the Fermi
level ¢r to the conduction band ec at high temperatures
indicates the presence in the band gap eg of two types of
donors. Some donor states merge with the bottom of the

conduction band &c, forming a tail, and therefore the
values of specific electrical resistivity p at low
temperatures increase with increasing temperature
(Fig. 3). In doped and compensated semiconductors, the
metallization of low-temperature conductivity occurs
under the condition that the energy gap between the
position of the Fermi energy e and the flow level of
continuous energy bands is smaller than ks T [7]. At higher
temperatures, current carried are activated from other
donor states, deeply located in the band gap g, which are
manifested by activation regions on the temperature
dependences of the specific electrical resistivity
In(p(1/T,x)) and the thermopower coefficient a(1/T,x) of
Nn-TitxAlNiSn.

Using formulas (1) and (2), the depth of the Fermi
level e was calculated and the change in the degree of
compensation of the semiconductor was estimated by
calculated values of the amplitude of the large-scale
fluctuation of the continuous energy bands &:1*(x) (Fig. 4).
In the n-TiNiSn semiconductor at high temperatures, the
depth of the Fermi level & relative to the percolation level
of conduction band ec is £1°=16.9 meV, and the amplitude
of the large-scale fluctuation of continuous energy band is
£1%=26.3 meV. The values of the activation energies
calculated by us for n-TiNiSn coincide with those
obtained earlier [5].

Doping n-TiNiSn with the lowest concentration of Al
atoms in the experiment is accompanied by a rapid (by an
order of magnitude) departure of the Fermi level & from
the conduction band ec and a location in the band gap &g at
a distance of &:°(x = 0.01) = 167.7 meV (Fig. 4). Thus, the
position of the Fermi level & can be changed only by
doping of the semiconductor of the electronic conduction
type with acceptor impurities. As it was shown above, Al
atoms will act in n-Ti1«AlxNiSn as an acceptor impurity
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and generate acceptor states in the band gap &y in two
cases:

a) in case of replacement of Ni atoms (3d®4s?) by Al
atoms (3d?3p?) in crystallographic position 4c;

b) in the case of substitution of Ti atoms (3d?4s?) with
Al atoms in crystallographic position 4a.
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Fig. 4. Change in values of activation energies &:°(x) (1)
and 1%(x) (2) for n-TixAlNiSn.

However, only in the case of replacement of Ni atoms
with Al atoms in the 4c position, the parameter of unit cell
a(x) of n-TiAINiISn will increase, as indicated by the
results of structural studies (Fig. 1b). We will recall that if
Ti atoms are replaced by Al atoms, the unit cell parameter
a(x) will decrease slightly. Therefore, we can assume that
at concentrations x =0 —0.01 in n-TixAlNiSn, the rate
of generation of acceptor states is greater than the rate of
generation of donor states.

On the other hand, the negative values of the
thermopower coefficient a(1/7,x) of n-TiggeAlooaNiSN
indicate that the concentration of the generated acceptor
states is insufficient to change the type of the main current
carriers. At the same time, the Fermi level & in
n-Tio.geAlo.021NiSn did not cross the middle of the band gap
&g and is located closer to the conduction band &c than to
the valence band ev. If we assume that all Al atoms
introduced into the structure of the half-Heusler phase
(x=0.01) will displace Ni atoms from the crystallographic
position 4c, then the concentration of generated defects of
the acceptor nature would be ~twice higher than the
concentration of defects of the donor nature (y = 0.005) in
the base semiconductor n-TiNiSn with "a priori doping"
[5]. Then the main carriers would be holes. Since electrons
remain the main current carriers in n-TipgeAlo01NiSn,
there is another mechanism for generating donor states in
the semiconductor, in addition to "a priori doping", which
has not yet been identified.

From Fig. 4, it can be seen that in the concentration
part x = 0-0.01, the activation energy of electrons &1°(x)
from the Fermi level & to the percolation level of
conduction band ec increases almost linearly. This makes
it possible to determine the speed of movement of the
Fermi level e from the conduction band &c into the depth
of the band gap &g, which is Aer/AX =~ 16.9 meV/%Al.

Another important evidence of the generation of
acceptor states in n-TiggeAlo01NiSn is a ~5-fold increase
in the degree of compensation of the semiconductor, as
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indicated by a rapid increase in the amplitude of the large-
scale fluctuation of the continuous energy bands
£1*(x=0.01) = 142.7 meV (in n-TiNiSn &1%=26.3 meV)
(Fig. 4).

At an even higher concentration of Al atoms
(x=0.02), the Fermi level & begins to reverse in the
direction of the conduction band e and in the
Nn-Tio.esAlo.02NiSn semiconductor it is located at a distance
&1°(x = 0.02) =144.1 meV from the edge of the conduction
band (Fig. 4). That is, in n-TiogsAloozNiSn, the rate of
generation of donor states now exceeds the rate of
generation of acceptor states. Since the concentration of
donor states during "a priori doping” of n-TiNiSn is a
constant value, the reverse movement of the Fermi level
&r to the conduction band &c in n-Tig.gsAlo.02NiSn can only
cause the appearance of donor states of unknown origin.
This trend of change in the ratio of generated donors and
acceptors persists even at higher concentrations of Al
atoms, and the Fermi level continues to drift in the
direction of the conduction band
ec: 1°(x = 0.03) = 130.1 meV, and
&1°(x = 0.04) = 119.2 meV (Fig. 4).

An increase of the rate of generation of donors over
acceptors in the n-TixAlNISn semiconductor of
electronic conduction type naturally leads to a decrease in
the degree of compensation. This is evidenced by the
results of the calculated values of the amplitude of the
large-scale fluctuation of the continuous energies bands
from &1%(x = 0.02) = 130.2 meV to
&1*(x =0.03) =120.1 meV and &*(x=0.04) =113.3 meV
(Fig. 4).

So what is the nature of these structural defects of the
donor nature, which give rise to new donor states in the
band gap of & n-Ti1xAlKNiSn?

The analysis of the behavior of the concentration
dependences of the specific electrical resistivity p(x,T) and
the thermopower coefficient a(x,7) of n-Ti1xAlxNiSn at
different temperatures (Fig. 5) complements the results
obtained above and the conclusions drawn, which allows
us to identify the nature of these donor became.

An increase of the specific electrical resistivity p(x,T)
of n-TixAlNiSn in the concentration range x = 0-0.01 is
possible in n-type semiconductor only if the concentration
of free electrons decreases. This reason is the generation
of acceptors in the semiconductor that capture electrons,
which increases the degree of compensation of the
semiconductor (Fig. 4). After all, the higher modulation
amplitude of the continuous energy bands &:1*(x), the
higher the degree of compensation of the semiconductor
[71.

The results of the kinetic and energy properties of
n-TixAlNiSn, x =0-0.01, not only agree with the
conclusions of structural studies, but also clarify them. In
particular, when analyzing the features of structural
changes in n-TixAlNiSh, it was shown that the increase
of the unit cell parameter a(x) in the concentration range
x =0-0.01 can cause only partial occupation of the 4c
position of Ni atoms by Al atoms. At the same time,
acceptors are generated in the semiconductor, and their
concentration should be ~twice higher than the
concentration of donors in n-TiNiSn. However, the sign of
the thermopower coefficient a(x,7) of n-TipgeAloo1NiSN
remains negative.
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Fig. 5. Change in specific electrical resistivity values p(x, T) (a) and the thermopower coefficient a(x, T) (b) for
n-Ti1xAlNiSn at different temperatures: 1 — T=80 K; 2 - T=160 K; 3 - T=250 K; 4 — T=300 K; 5 — T=380 K.

At the concentration x = 0.01, an extremum appears in
the dependence of the specific electrical resistivity p(x,7)
of n-TiggeAlo01NiSn. The appearance of an extremum on
the dependence p(x,7) is the result of a change in the ratio
of ionized acceptors and donors present in the
semiconductor.

The nature of the change in the values of specific
electrical resistivity p(x,7) and thermopower coefficient
a(x,T) of n-TiixAlNiSn at different temperatures is
extremely interesting. From Fig. 5, it can be seen that for
all studied concentrations (x = 0-0.04), the dependences
of the specific electrical resistivity p(x,7) and the
thermopower coefficient a(x,7) at temperatures T=80 and
T =160 K practically overlap each other. This shows that
at temperatures T = 80-160 K, the concentration ratio of
ionized acceptor and donor states in
n-TixAlNiSn is unchanged, but the concentration of
donors is greater. And only with an increase of
temperature, T>250 K, the amplitude of the extremum on
the dependence of p(x,7) rapidly decreases, the total
conductivity of semiconductors increases, indicating an
increase in the concentration of free electrons.

So what is their nature?

Paradoxically, at first view, the concentration of free
electrons increases as the concentration of Al atoms (as if
an acceptor impurity) increases, which is indicated by the
negative sign of the thermopower coefficient a(x,7) of
n-TiixAlNiSn. The fact that the values of p(x,7) and
a(x,T) significantly decrease at temperatures T > 250 K
indicates the ionization of a group of donor states
(en? bands) located much deeper. These donor states
(en? bands) existed in n-TiNiSn as a result of "a priori
doping" of the semiconductor [4]. lonization of these
states is a source of free electrons, which increases the
electrical conductivity of the semiconductor. And an
additional mechanism for increasing the concentration of
donor states in n-Ti1.xAlNiSn can only be the occupation
of the tetrahedral voids of the structure by Al atoms, which
generate structural defects of the donor nature [2].
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Conclusions

According to the results of a comprehensive study of
the structural, kinetic, and energy properties of the
semiconductor solid solution TiixAlxNiSn, obtained by
introducing Al atoms into the structure of the TiNiSn half-
Heusler phase by substituting Ti atoms in the 4a position,
a complex nature of structural changes was revealed. It is
shown that in the concentration range x =0-0.01, Al
atoms mainly replace Ni atoms in the 4c position,
generating acceptor states. It was established that at
temperatures T=80-160 K, the concentration ratio of
ionized acceptor and donor states in n-TiAlNiSn,
x=0-0.04, is unchanged, but the concentration of donors is
greater. At higher temperatures, T > 250 K, deep donor
states that existed in n-TiNiSn as a result of "a priori
doping" of the semiconductor are ionized. An additional
mechanism for the generation of donor states in
n-TixAlxNiSn when the tetrahedral voids of the structure
are partially occupied by Al atoms was revealed. The
concentration ratio of the generated donor-acceptor states
determines the position of the Fermi level ¢ and the
conductivity mechanisms of n-Ti.xAlNiSn. The studied
semiconductor  solid solution is a promising
thermoelectric material.
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ExcrnepuMeHTAIBHI 10CTiI7KEHHSI HOBOTO TEPMOEJIEKTPHYHOI0 MaTepiary Ha
OCHOBi HAIBIPOBITHUKOBOT0 TBepA0ro po3uuHy T i1xAlxNiSn

Ylveiscoruii nayionansnutl ynisepcumem in. I. @panxa, Jveis, Yipaina, stadnykyu@gmail.com
2Hayionanvnuii ynisepcumem “Jlvgiecoka nonimexuixa”, Jlvsis, Yxpaina, volodymyr.romaka@gmail.com

JocimKeHo CTPYKTYpHi, €JIeKTPOKIHETHYHI Ta €HEPreTHYHI BIACTUBOCTI HAIIBIPOBIIHUKOBOTO TBEPIOTO
poszuuny Ti1xAlxNiSn, orpumanoro yBemeHHsM 10 ctpykrypu miB-Ieitcieporoi dasu TiNiSn aromis Al ttsxom
3aMillleHHs y Kpuctanorpadiuniit mosuiii 4a atomis Ti. [TokasaHo, 110 Ha ninsHIi koHienTpaitiit x = 0-0.01 atomu
Al, B ocHOBHOMY, 3aMimiarorh y mosuilii 4c¢ atomu Ni, reHepyroun akuenTopHi cranu. BcraHoBieHO, Mo 3a
temneparyp T = (80-160) K cniBBigHOIIEHHsS] KOHIIEHTpPALIH 10HI30BAaHUX AKIENTOPHUX Ta JOHOPHHUX CTaHIB y
N-TixAlLNISN, x = 0-0.04, € He3MiHHHM, OJHAK KOHLEHTpALis JOHOPIB € OiNbIIOI0. 3a BHILUX TEMIEparyp,
T>250K, BinOyBaeTpcsi ioHi3allis TIMOOKMX [JOHOPHHMX CTaHiB, siki icHyBamm B N-TINiSN sk pesymbrar
«arpiopHOTO JIETyBaHH:» HAIIBIPOBIIHNWKA. BHUABIEHO TONATKOBUI MeXaHi3M T'eHepyBaHHs JOHOPHUX CTaHIB y
n-Ti1xAlNISN mpu yacTkoBoMmy 3aiHATTI atromamu Al TerpaenpuyHHX MycTOT CTPYKTypH. CHiBBiJHOIICHHS
KOHIIEHTpaliil TeHepOBaHNX JOHOPHO-aKIENOPHUX CTAaHIB BU3HAYaE MOJIOKeHHs piBHA DepMmi erF Ta MeXaHI3MH
nposigsocti  N-TitxAINiSn.  JlocmimkeHnit HamiBIpOBIMHUKOBHH TBEpAMH PO3YMH € MEPCHEKTHBHUM
TEPMOENIEKTPUYIHIM MaTepiaJioM.

KorodoBi ciioBa: HaniBIpOBiIHKK, €JIEKTPOIIPOBIHICTD, KoedillieHT TepMo-epc, piBeHb Depmi.
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