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The temperature dependences of galvanomagnetic properties (the Hall coefficient, elec-
trical conductivity, charge carrier mobility) of (PbTe),,,_,Bi, (x = 0—1) alloys obtained by
doping PbTe with elementary Bi and thin films prepared from these alloys were studied in
the temperature range 80-300 K. On the basis of the temperature dependences, the
isotherms of the properties were plotted. It was established that a non-monotonic behavior
of the dependences of the properties on the Bi concentration, which had been observed
earlier at room temperature, is preserved at lower temperatures. This confirms our earlier
suggestion about the self-organization processes taking place in the defect subsystem of
the crystal at certain Bi concentrations.

Uccnemosansl Temmeparypuble 3aBucumoctu (80—-300 K) ranbBaHOMArHHUTHBIX CBOICTB
(xooppunuenra Xousia, IEKTPOIPOBOAHOCTH, IOABUMKHOCTH HOCHTEJNEU 3apsijga) CIJIaBOB
(PbTe);g0_Bi, (x = 0—1), momyuennsx myrem Jeruposanua PbTe smemenrapmaeim Bi, u mie-
HOK, IIPUTOTOBJIEHHBIX U3 ITUX CILIaBOB. Ha OoCHOBe TeMIepaTypHBIX 3aBUCHUMOCTEM IIOCTPO-
€HBbI U30TEePMBI CBOMCTB. Y CTAHOBJIEHO, UTO HAGJI0JaeMblil paHee MPU KOMHATHOU TeMIIepaTy-
pe HEeMOHOTOHHBIM XapakTep 3aBUCHUMOCTeil cBOIicTB or cojeps:kauus Bi coxpauserca npu
MOHMKEHUN TeMIIepaTyphl. JTO MOATBEDPIKJAaeT BBHICKASAHHOE paHee IPEeJIOoJIOMKeHNe O IIPO-
Imeccax camMoOOpraHMW3aluu, UAYINUX B Ae(eKTHON mojcrucTeMe KPUCTAJIA IIPU ONPeLeeHHBIX
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KOHIleHTpanuax Bi.

Bismuth is among the donor impurities
of a great importance in PbTe semiconduc-
tor. Its introduction makes it possible to
control the electron concentration in the
lead telluride crystals and thin film struc-
tures, to optimize the parameters of ther-
moelectric energy converters, p-n junctions
in laser diodes, etc. [1-3].

PbTe can be doped with bismuth either
by introducing elementary bismuth (PbTe-—
Bi system) or by introducing simultaneously
Bi and excess Te. In the latter case, cationic
substitution (PbTe-BiTe system) [4, 5] or in-
troduction of Bi,Te; compound (PbTe-Bi,Te;
system) [6, 7]. In [8], we have studied the
structure and properties of PbTe-based solid
solutions in the (PbTe);p0_,Biy system (i.e.,
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at elementary Bi introduction) at room tem-
perature. The PbTe properties have been
found to depend on bismuth content non-
monotonously and this fact has been attrib-
uted to Bi dissolution mechanism variations
due to the composition changes, to the self-
organization processes in the impurity sub-
system of the crystal as well as to the per-
colation effects. In [9], we measured the
charge carrier concentrations (n) in thin
films prepared from (PbTe),pq_,Bi, crystals
of various compositions, and a pronounced
correlation was found between the n value
and the charge composition, although the n
values in the films were lower than in the
charge. It was of interest to elucidate
whether the dependences of the crystal and
thin film properties on Bi concentration re-
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Fig. 1. Temperature dependences of charge carrier concentration n (a) and mobility pg (b) for
(PbTe);00—Bi, crystals at x = 0 (PbTe) (1), 0.1 (2), 0.25 (3), 0.4 (4), 0.5 (5), 1.0 (6).

main the same or not as the temperature
varies. The aim of this work is to study the
temperature dependences of galvanomag-
netic properties for (PbTe);po_,Biy system
crystals and thin films within the range of
80 to 300 K and to establish the variation
character of those properties as functions of
Bi content (x) at various temperatures.

The galvanomagnetic properties were
measured within the 80 to 300 K tempera-
ture range using polycrystalline samples of
(PbTe)00-xBiy system (x varying from O to
1) as well as thin films prepared from those
alloys. The bulk crystals for the work were
synthesized by fusing together the high-pu-
rity (at least 99.999 %) Pb, Bi, and Te in
evacuated (about 0.1 Pa) quartz ampoules
under vibrational mixing, then annealed at
820 K for 200 h and cooled down with the
furnace. The alloy compositions correspond
to x values of 0; 0.25; 0.5; 0.75; and 1.0.
According to microstructure studies [8], the
concentration range (x =0 to x = 1.0) cor-
responds to the single-phase solid solution
area, the segregation of another phase being
observed first at x~2. The homogeneity ex-
amination by microhardness and micro-ther-
mal e.m.f. methods has shown that the scat-
tering of those parameters over the sample
did not exceed the measurement errors. The
thin films were obtained by thermal evapo-
ration of various (PbTe);go_,Bi, charges
onto mica substrates. The procedures of
thin film preparation, the electrical conduc-
tivity o and Hall coefficient Ry measure-
ments and the charge carrier concentration
n(p) and Hall mobility uj calculations have
been described in [9].
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In Fig. 1, the temperature dependences
of the charge carrier concentration and mo-
bility for (PbTe);p0_Bi, crystals of various
compositions, including undoped PbTe are
shown. As the latter, the stoichiometric
PbTe was used possessing the hole conduc-
tivity, that is in agreement with literature
data and is explained by a slight shift of the
fusibility curve maximum in the PbTe homo-
geneity region of Pb-Te system towards Te
excess (to about 50.01 at. % Te) [10].

It is seen from Fig. 1 that the charge
carrier (electron) concentration n remains
essentially constant for all the doped alloys
studied, while ug drops monotonously as
the temperature rises, that being typical of
degenerate semiconductors [11]. A slight re-
duction of the hole concentration p at tem-
perature decreasing as observed in the in-
itial p-PbTe is a known faet and is attrib-
uted usually to the complex structure of
p-PbTe valence band consisting of two over-
lapping subbands with different state densi-
ties [12]. In the deeper "heavy”™ subband,
the carriers are less mobile and the contri-
bution of that subband to kinetic effects
increases with the temperature growth. The
increasing contribution from the heavy
holes, Ry increases and thus n drops.

Basing on py(T) and o(T) dependences,
the charge carrier mobility pg(x) and elec-
trical conductivity o(x) isotherms were con-
structed; these are presented in Fig. 2a. For
room temperature, these dependences coin-
cide essentially with those presented in [8].
As the temperature drops down to 80 K,
the pg(x) and o(x) remain unchanged quali-
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Fig. 2. Dependences of charge carrier mobility u (a), exponent o in temperature dependence of ug (a),

charge carrier concentration n (b) and electrical conductivity ¢ (b) on Bi content for (PbTe),,, B

crystals at 80 K (I) and 300 K (2).

tatively although the absolute py and o val-
ues increase.

The non-monotonous character of up(x)
curve evidences complex defect formation
processes occurring in the PbTe crystal lat-
tice as Bi is introduced thereto. The pg(x)
curve sections where the charge carrier mo-
bility is decreased are obvious to be associ-
ated with the increased defectness of the
crystal lattice due to increasing Bi content
and thus with the increased contribution
from the impurity-induced scattering. How-
ever, the presence of a pronounced maxi-
mum in the pg{(x) curve near to x ~ 0.25
and a less noticeable one at x ~ 0.5 to 0.6
combined with minima at the same composi-
tions observed in the microhardness depend-
ence on the Bi content in PbTe [8] suggests
that at certain critical Bi concentrations,
self-organization processes take place in the
impurity subsystem of the crystal. These
processes result in a reduced scattering on
the defects. Before, we have found anoma-
lies in composition-property dependences for
several solid solutions of IV-VI compounds
[see e.g. [13—15]). The anomalies have been
attributed to critical phenomena accompany-
ing the transition from the impurity-discon-
tinuum to the "impurity-containing conden-
sate” [16]. It has been noted that the forma-
tion of percolation channels at the impurity
concentration increasing may stimulate the
cooperative self-organization processes in
the impurity defect subsystem. The proc-
esses can be reduced to the redistribution of
impurity atoms over the crystal lattice sites

Functional materials, 13, 4, 2006

Iy

(long-range or short-range ordering), to the
qualitative change in the localization of the
impurity atoms, etc. Perhaps a similar situ-
ation takes place in the (PbTe);po_,Bi, sys-
tem, so the anomalous (from the standpoint
of usual solid solutions) increase in Lz at Bi
content increase within certain concentra-
tion ranges (x = 0.1 to 0.25 and x = 0.4 to
0.75) is due to a great extent to changes in
the charge carrier scattering mechanisms
resulting from changes in the crystal defect
subsystem.

To date, it is established reliably enough
[12] that it is just the scattering on acoustic
phonons that is the main mechanism of the
charge carrier scattering in lead chalco-
genides, including PbTe. At that scattering,
the exponent o in the temperature depend-
ence of the charge carrier mobility pg ~ T°¢
takes the values of oo =3/2 and a =1 for
non-degenerate and degenerate semiconduc-
tors, respectively. The higher exponent val-
ues observed in PbTe (o ~ 5/2) are attrib-
uted today to the temperature dependence
of effective mass [11], since it is believed to
be established that the main mechanism of
the charge carrier scattering in PbTe at
moderate and high temperatures is the scat-
tering on acoustic phonons.

From the temperature dependences of
mobility, the exponents have been deter-
mined in the p ~ T7* dependence for various
alloys. It is seen (Fig. 2) that as the Bi con-
centration increases, the exponent tends to
drop (that is in agreement with the increas-
ing degeneration degree of charge carriers
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Fig. 3. Temperature dependences of charge carrier concentration n (a) and mobility pg (b) for
(PbTe);0Biy films at x = 0 (PbTe) (1), 0.25 (2), 0.5 (3), 0.75 (4), 1.0 (5).

resulting from increasing n). However, a
pronounced maximum is observed in oa(x)
dependence as well as in pg(x) and o(x)
ones that evidences, in its turn, a reduction
of the impurity scattering contribution.

Fig. 8 presents the temperature depend-
ences of charge carrier concentrations and
electrical conductivity for thin films ob-
tained from (PbTe),oq_,Bi, charge of various
compositions. As in the case of bulk crys-
tals, the ¢ value for all the alloys drops
monotonously as temperature rises, while
the carrier concentration remains essen-
tially constant as is typical of degenerate
semiconductors.

Basing on the temperature dependences
of galvanomagnetic properties, n{x), o(x),
ug(x and ofx) isotherms have been con-
structed for thin films of various composi-
tions (Fig. 4). As for the crystals, the de-
pendences are non-monotonous but do not
coincide with those for crystals (cf. Fig. 2).
A single maximum is observed at x~0.75 in
o(x) and at x20.6 in pp(x) and a(x) iso-
therms. The difference in the isotherm
character for the crystals and thin films is
associated with the fact that the charge
composition is not reproduced in the film,
although there is a rather good correlation
between the charge composition and proper-
ties [9].

It follows from the data presented that
the complex character of PbTe galvanomag-
netic properties as functions of Bi content
observed before in the crystals and films at
room temperature [8, 9] is retained within
the temperature range of 80 to 300 K. Both
for the (PbTe);pp4Bi, crystals and thin
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films, a correlation between the n(x), o(x),
ug(x) and ofx) dependences is observed
within the whole temperature range stud-
ied.

The results obtained evidencing the com-
plex wvariation character of the galvano-
magnetic properties resulting from elemen-
tal Bi introduction into PbTe are to be
taken into account when interpreting and
predicting properties of the crystals and
thin films of Bi-doped PbTe as well as when
predicting the property variation character
in PbTe/Bi heterostructures resulting from
the Bi-PbTe interaction at the interface.

Thus, temperature dependences of elec-
trical conductivity o, Hall coefficient Ry,
the charge carrier concentration n and mo-
bility uy have been studied for (PbTe);qq
«Biy polycrystals and thin films obtained by
thermal evaporation of the (PbTe),pq,Bi,
charge onto mica substrates. Basing on
those dependences, isotherms for the prop-
erties have been constructed. The non-mo-
notonous character of n(x), o(x), and pg(x)
dependences observed before in the crystals
and thin films at room temperature has
been found to be retained in the 80—-300 K
range. It has been found that not only o(x)
and pp(x) dependences are non-monotonous
in the (PbTe)oq_Biy crystals and thin films
but also that of the exponent o in the tem-
perature dependence of charge carrier mo-
bility ug ~ T°%. The decrease of o at in-
creasing x is associated with the increasing
degeneration degree of the charge carriers
and the non-monotonous character, with
changes in the crystal impurity subsystem.
The results obtained confirm once again the
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Fig. 4. Dependences of charge carrier mobility u (a), exponent o in temperature dependence of ug (a),
charge carrier concentration n (b) and electrical conductivity ¢ (b) on Bi content for (PbTe),,, ,Bi, thin

films at 80 K (1) and 300 K (2).

validity of our assumption concerning the
self-organization processes in the PbTe im-
purity subsystem as certain Bi concentra-
tions are attained. Those processes define
the non-monotonous character of the prop-
erty dependences on Bi content.
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TemnmepaTypHi 3aJIe;KHOCTI Ta i30TepMHU
raJbBaAaHOMATHITHHX BJIACTHBOCTE# KPHCTAJIB
Ta TOHKMX niaiBoxk PbTe, merosanoro Bi

O.1.Pozauoeéa, C.I'./Ito6uenko, O.C.Bodopi3

Hocaimkeno temmnepatryphi sanekHocti (80—-300 K) rampBaHOMAarHiTHUX BJIACTUBOCTEN
(xoedimienra Xomna, eqexTponposigHocTi, pyxnuBocti Hociie sapazny) cmrasis (PbTe) ., Bi,
(x = 0-1), aki oxep:xaui masixom serysanus PbTe ememenrapuum Bi, Ta mriBok, mo Buro-
ToBaeHI 3 mux cmuasiB. Ha ocHOBI TemmeparypHuX 3ajeKHOCTell IT00yIOBAaHO HN30TEPMU
BiacTuBocTeli. BecraHoBiIEeHO, 1[0 HEMOHOTOHHHM XapaKTep 3ajJeKHOCTEeH BJIACTHUBOCTEH Bif
BMmicty Bi, mo cmocrepirascs paximie mpu KimMHATHiN TemmepaTypi, 30epiraerbcsa Ipu 3HU-
sKeHHI Temmneparypu. Ile mizTBepmiKye NIPUIIYIIEHHS, IO BUCJIOBJIIOBAJIOCSA paHimie, IIpo
mpoliecu camoopramisarfii, mo HayTe y medeKTHiil migzcmcremi Kpucrasia mIpu IEeBHUX KOH-
nenTpariax Bi.
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