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We synthesize an iron-doped PbTe single-crystal ingot and investigate the phase composition and
distribution of the iron impurity along the ingot as well as galvanomagnetic properties in weak
magnetic fields (4.2K <T<300K, B <0.07T) of Pb,_,Fe,Te alloys. We find microscopic inclu-
sions enriched with iron and regions with a chemical composition close to FeTe in the heavily
doped samples, while the iron impurity content in the main phase rises only slightly along the
length of the ingot reaching the impurity solubility limit at approximately 0.6 mol. %. Samples
from the initial and the middle parts of the ingot are characterized by p-type metal conductivity. An
increase of the iron impurity content leads to a decrease in the free hole concentration and to a sta-
bilization of galvanomagnetic parameters due to the pinning of the Fermi level by the iron resonant
impurity level Eg, lying under the bottom of the valence band (E, — Eg. =~ 16 meV). In the samples
from the end of the ingot, a p-n inversion of the conductivity type and an increase of the free elec-
tron concentration along the ingot are revealed despite the impurity solubility limit being reached.
The kinetics of changes of charge carrier concentration and of the Fermi energy along the ingot is
analyzed in the framework of the six-band Dimmock dispersion relation. A model is proposed for
the electronic structure rearrangement of Pb,_,Fe,Te with doping, which may also be used for

PbTe doped with other transition metals. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4935822]

I. INTRODUCTION

It is well known that PbTe-based alloys are among the
most efficient thermoelectric materials for mid-range tem-
perature (500-900K) applications.' However, the maxi-
mum value of their thermoelectric figures of merit
7T =0S°T/k (o—electrical conductivity, S—Seebeck coeffi-
cient, T—absolute temperature, and x—thermal conductiv-
ity) did not exceed 1.0 for a long time. In recent years, there
has been a revival of interest in the PbTe-based alloys as
effective thermoelectric materials.>® One of the reasons for
this is the discovery of a substantial increase of the ZT value
when these semiconductors are doped with group IIT,”® rare-
earth,”'° or transition metal'""'? impurities. Such impurities
introduce resonant impurity levels inside the conduction or
valence bands, resulting in an increase of the Seebeck coeffi-
cient S due to a distortion and a sharp increase of the density
of states near the Fermi level located in the vicinity of the
resonant impurity-induced level."?

Among all currently known impurity levels of transition
metals in PbTe the most studied is the resonant level of
Cr, located approximately 100 meV above the bottom of the
conduction band at T=4.2K."*'® Resonant levels of two
light transition metal impurities (Ti, Sc) are even deeper in
the conduction band (200-230meV (Refs. 17-19) and
approximately 280 meV (Ref. 20) above the bottom of the
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conduction band, respectively), whereas the V level is the
only deep level in the band gap (approximately 20 meV
(Refs. 21-23) under the bottom of the conduction band). All
of these impurities act as donors inducing a p-n inversion of
the conductivity type in an initially undoped PbTe. However,
fabrication of a thermoelectric device requires materials of
both n- and p-types, i.e., materials with resonant impurity
levels inside the conduction and valence bands, respectively.

Recently, we have found that Fe-induced impurity level
in PbTe is the first and still the only known transition metal
impurity level located in the valence band (15-20 meV
below the top of the valence band at T=4.2K).** It was
shown that doping of initially undoped p-type crystals leads
to a decrease of the free hole concentration and to the pin-
ning of the Fermi level by the resonant Fe level. Subsequent
doping is not expected to affect the galvanomagnetic proper-
ties and the concentration of free holes. This effect, associ-
ated with the pinning of the Fermi level, was indeed
observed in a limited range of the impurity content, but a p-n
inversion of the conductivity type and an increase in the con-
centration of free electrons was unexpectedly found at higher
impurity concentrations.

In this paper, we present results of detailed studies of
elemental and phase compositions of an iron-doped PbTe
single-crystal ingot and the galvanomagnetic properties of
Pb,_,Fe,Te alloys in weak magnetic fields (4.2K<T
<300K, B<0.07T) in the vicinity of the p-n conversion
point. The main goals are to investigate the kinetics of

© 2015 AIP Publishing LLC
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changes in the free charge carrier concentration with doping,
to elucidate the reasons for the breakdown of the Fermi level
pinning in heavily doped alloys, and to construct a model of
the electronic structure rearrangement in Pb,_,Fe,Te upon
doping.

Il. EXPERIMENTAL DETAILS

A single crystal Pb;_,Fe,Te ingot with nominal Fe con-
tent y=0.02 was grown using the vertical Bridgman tech-
nique from a mixture of pre-synthesized PbTe and FeTe, by
reacting the pure elemental constituents (Pb—99.9999%,
Fe—99.999%, Te—99.9999% after additional zone-refining
and double vacuum distillation). Pb was subjected to addi-
tional chemical cleaning to remove surface oxides before
loading into the synthesis or growth ampoule. For this pur-
pose, etching in a water solution of nitric acid
(1HNOj3 + 3H,0) heated to 90°C was used. After etching,
Pb was washed with a large amount of distilled water, and
then with chemically pure acetone, in several glass
containers.

High-purity carbonyl iron was used for the synthesis of
iron ditelluride at 950°C for 96 h. The choice of FeTe, as
dopant is justified by its lower melting point in comparison
to Fe or FeTe, enabling the most efficient mixing of the melt
components in the growth ampoule placed on the tempera-
ture plateau at 980 °C. Excessive Te from the FeTe, was bal-
anced with an equal molar amount of Pb to obtain
stoichiometric Pb; _,Fe,Te.

Synthesis of PbTe and FeTe, as well as the growth of
the single crystal Pb,_,Fe,Te were carried out in quartz
ampoules evacuated to 10> Torr. Their inner surface was
coated with pyrolytic graphite in order to minimize the con-
tact of melt with quartz and to avoid sticking of the cooled
ingots. Graphite coating technique was as follows. First,
quartz ampoules were deeply cleaned by etching in a mixture
of acids (7HF + 3HNO;) followed by washing with distilled
water, steaming and hot drying. Then they were heated to
1100°C for 1-2 h under continuous evacuation. Afterwards
the temperature was lowered to 900 °C and the ampoule was
connected to a vapor source of chemically pure acetone.
Pyrolysis was carried out within 15 minutes at a pressure of
0.2atm. Then the ampoule was evacuated to 107> Torr,
heated to 1100°C, and kept at this temperature for
3040 min. As a result, the inner surface of the quartz am-
poule was covered with a solid graphite film.

During the crystal growth, the temperature gradient at
the solid-liquid interface reached 35°C/cm, whereas the
growth rate was 1 mm/h. The growth axis of the single crys-
tal Pb,_,Fe,Te coincided approximately with the (I11)
crystallographic direction. The resulting ingot weighing 33 g
was cut perpendicular to the growth axis into 26 disks of
approximately 10.5mm in diameter, each about 1.5mm
thick, via wire cutting using a tungsten 0.25 mm wire. An
equal volume part mixture of glycerol and Al,O3; powder
with a maximum grain size of 30 um was used for the cut-
ting. The vertical cutting speed was 0.5 mm/min.

The integral concentration of iron y was determined on
both sides of each disk, in the central part of diameter 5 mm,
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using an X-ray fluorescence spectrometer TRACOR 5000
XRF (USA). The obtained values were averaged and satis-
factorily fitted by the sum of a constant and two exponential
terms>>° (Fig. 1)

y=yo+Are " 4 Ayetl, 2.1)

where L is the relative longitudinal coordinate ranging from
0to 1; yo, Ay, Ag, ty, t, are dimensionless fitting parameters.

In addition, the phase composition and the homogeneity
of the disks as well as the distribution of Fe impurity along
the ingot axis in the main phase were determined by X-ray
fluorescence microanalysis using the scanning electron
microscope LEO SUPRA 50VP (Germany) with the INCA
Energy microanalysis system (Oxford Instruments,
England). Data on the iron content obtained by the two meth-
ods are in satisfactory agreement in the interval 0.4 <L < 0.9
(see Fig. 1).

To study the galvanomagnetic effects, samples in the
form of rectangular parallelepipeds with typical dimensions
of 4.0 x 0.7 x 0.7 mm® were cut from the disks using an elec-
tric discharge machine. All samples were etched in a solution
of bromine in hydrobromic acid and carefully washed in
ethyl alcohol and distilled water. Electrical contacts to
the samples were fabricated from In-coated Cu wires
0.03-0.05mm in diameter. Current contacts were soldered
by a micro soldering iron to the ends of the samples using an
In+4%Ag+ 1%Au alloy. Potential and Hall contacts were
electrowelded to the samples using an electric-spark setup.
Four-probe dc method was used to investigate the tempera-
ture dependences of the resistivity p, of the Hall coefficient
Ry, and of the Hall mobility uy in weak magnetic fields
(42K <T<300K,B<0.07T).

Sample number

26 22 18 14 10 6 2
005 ———F———

0.04 -

) (e ([

0.03

0.02

FIG. 1. Distribution of iron along the Pb,_,Fe,Te ingot obtained by the
XRF integral method (open squares) for both the main and secondary
phases, and by XRF microanalysis (black circles) for the main phase. The
solid curve represents the approximation (2.1) of the iron distribution. In the
inset, 4 is the distance from the beginning of the ingot to the middle of the
disk, &g is the total length of the ingot, R and L = h/h are the diameter and
the relative coordinate of the disk, respectively.
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lll. PHASE AND ELEMENTAL COMPOSITIONS OF THE
SAMPLES

The phase and elemental compositions of the samples
were monitored on the surfaces of the initial disks cleaved in
liquid nitrogen. Figure 2 shows typical microphotographs of
such surfaces and the X-ray emission spectra from the indi-
cated areas for samples from the middle part of the ingot (the
numbers on the photographs correspond to the serial num-
bers of disks). We find that practically all samples (samples
from the disks 20 to 4) contain clearly defined microscopic
inclusions of a secondary phase (dark areas in Figs. 2(a) and
2(b)) embedded inside a matrix of the main phase. These
inclusions are enriched with iron and their chemical compo-
sition corresponds to alloys Pb,_,Fe, Te with different (up to
50%) iron content in the metal sublattice. In samples from
the beginning and the end of the ingot (especially in the sam-
ple from disk 2) regions with a chemical composition close
to FeTe are detected. Moreover, periodic spatial structures of
alternating phases are observed in sample 2 (Fig. 3(a)). In
other words, at the very end of the ingot, which is strongly
enriched in iron, PbFeTe phase spontaneously form lamellae
of Pb,_,Fe,Te with moderate (0.5%—1.0%) iron concentra-
tion (light regions in Fig. 3(a)) and lamellae of FeTe (dark
regions in Fig. 3(a)). These results allow us to conclude that
the solubility limit of iron impurity is exceeded in almost all
investigated samples, which is obviously due to the high ini-
tial iron content in our ingot.

We find that within the experimental error, the main
phase in all investigated samples is fairly uniform. However,
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the spatial distribution of impurities along the length of the
ingot is different than the one expected based on the experi-
mental data obtained previously for rare-earth and other tran-
sition metal impurities in PbTe-based alloys*~° and on the
data obtained by the integral X-ray fluorescence method (see
Fig. 1). The concentration of the iron impurity in the main
phase increases along the ingot by no more than 1.5 times,
reaching only 0.6 mol. %. In addition, the error in determin-
ing the concentration of impurity is comparable with or even
exceeds the concentration itself. Despite these observations,
as we will see below, galvanomagnetic parameters and the
concentration of free charge carriers vary along the ingot by
orders of magnitude, as if the Fe impurity concentration
monotonically and significantly increased when moving
from the beginning to the end of the ingot.

IV. GALVANOMAGNETIC PROPERTIES

The investigation of temperature dependences of the re-
sistivity p, the Hall coefficient R;, and the Hall mobility
U =Rp/p shows that Pb;_,Fe,Te samples from the initial
and middle parts of the ingot (samples 24 to 10) are charac-
terized by a p-type metal-like conductivity (Fig. 4). As the
temperature grows, the resistivity increases by up to three
orders of magnitude, while the Hall coefficient is positive in
the whole investigated temperature range. The Hall mobility
wy exhibits behaviors typical for undoped PbTe-based
alloys: a power law of mobility versus temperature (i
x T % a=2.1) in a wide high temperature range due to the
scattering of holes on the acoustic phonons, and low-

.ﬁo“ﬁ

/ ” )

g )
= regions en"qhed
with iron

\ 1

s >
. N\ * - /

Electron Image 1 100pm Electron Image 1
Spectrum 3 Pb Spectrum 2
Pb
©)7 - (d) . _
Element | Weight % [ Atomic% Element | Weight% | Atomic%
FeK 10.17 +£0.14 23.60 FeK 0.10+0.04 0.30
TeL 51.79 52.60 TeL 39.89 5175
Pb M 38.04 2379 PbM 60.01 47.94
Totals 100.00 s Totals 100.00
Fe
Fe Pb Ph
W\‘L Fe - o o5, W‘E_/J\) Fe Fe Pb Pb/\ ppPb Pb
o2 & & & 10 12 1s 16 2 4 6 s 10 12 14 16
[Full Scale 8062 cts Cursor: -0.079 (0 cts) keV] [Full Scale 57951 cts Cursor: -0.019 (1987 cts) keV

FIG. 2. Scanning electron microscope photographs of cleaved surfaces (a) and (b) clearly showing microscopic inclusions of a secondary phase and the X-ray
emission spectra (c) and (d) obtained from the selected areas of Pb; _,Fe,Te samples. The numbers on the photographs correspond to the serial numbers of the

disks into which the ingot was cut.
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100um Electror Image 1
Spectrum 1
Pb
(b) Element | Weight % | Atomic%
FeK 0.25+0.04 0.75
Tel 40.21 51.92
PbM 59.53 47.33
Te Totals 100.00
Pb Pb
Fe Fe Fe PP A P PO Pb
o 2 &« & & 1 12 1 16
[Full Scale 53941 cts Cursor: -0.055 (30 cts) keV]
Te Spectrum 4
Element | Weight % | Atomic%
FeK 31.92 5177
Tel 6779 4811
PbM 0.29+0.10 0.13
Totals 100.00
Pb Pb Pb Pb
0 12 14 16
IFull Scale 23734 cts Cursor: 12.125 (173 cts) keV]

FIG. 3. Scanning electron microscope photograph of a cleaved surface (a)
showing embedding of regions of one composition inside a matrix of another
composition and the X-ray emission spectra (b) and (c) obtained from the
selected areas of Pb;_,Fe,Te sample. The number on the photograph corre-
sponds to the serial number of the disk.

temperature saturation of mobility at approximately 10> cm”
V! 57! due to the scattering of holes on charged point
defects (mainly nonstoichiometric native defects).

At liquid-helium temperatures, dependences of p, Ry,
and iy versus the sample sequential number tend to a satura-
tion. Moreover, in samples 16 to 10, temperature dependen-
ces of galvanomagnetic parameters are almost identical (see
Fig. 4). In addition, the temperature dependences of the Hall
coefficient have an anomalous character in these samples: as
the temperature rises, the Hall coefficient increases by more
than an order of magnitude, passes through a maximum at
T=100-120K, and then decreases to room temperature. A
similar behavior of the Hall coefficient was observed earlier
in n-type PbTe-based alloys doped with In, Ga, and Cr with
resonant impurity levels inside the conduction band.'>?"~%°
In all these cases, an increase of the absolute value of Ry
was successfully explained by the flow of electrons from the
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FIG. 4. Temperature dependences of the resistivity p (a), the Hall coefficient
Ry (b) and the Hall mobility uy (c) in p-Pb;_,Fe Te. The numbers on the
curves correspond to the serial numbers of the disks into which the ingot
was cut.

conduction band to the resonant level due to the pinning of
the Fermi level by the resonant impurity level and an
increase of the band gap (i.e., a shift of the Fermi energy
downwards with respect to the bottom of conduction band)
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with temperature, while the decrease of Ry at high tempera-
tures was associated with the increase of the free electron
and hole concentrations due to the intrinsic thermal ioniza-
tion. Thus, by analogy with cases of In, Ga, and Cr impurity
levels in PbTe-based alloys, we can conclude that the anom-
alous behavior of the Hall coefficient in Pb;_Fe,Te alloys
also indicates the pinning of the Fermi level by the Fe impu-
rity resonant level located under the bottom of the valence
band.

Based on this analogy, one may conjecture that due to
the pinning of the Fermi level, further doping should affect
neither the position of the Fermi level nor the concentration
of free charge carriers in the alloy. However, we observe an
abrupt change of sign and a gradual decrease in the absolute
value of the Hall coefficient in samples 8 to 4 (Fig. 5), indi-
cating a p-n conversion and an increase in the concentration
of free electrons in the conduction band. Only in sample 2,
which has the maximum integral impurity concentration,
does this overall trend of changes in the galvanomagnetic pa-
rameters along the ingot break down, likely due to a sharp
increase in the share of the secondary phase at the end of the
ingot (see Fig. 5). Nevertheless, even in this sample we
observe a high value of Hall mobility (uy ~10° cm? V™' s™1)
that exhibits the spatial alternation of the main and second-
ary phases. This implies the persistence of high structural
perfection of the main phase even in heavily doped samples.
Moreover, this fact suggests that the n-type Pb,_,Fe,Te
alloys also have a potential for practical application associ-
ated with a substantial excess of the solubility limit of the
impurity and spontaneous formation of periodic spatial struc-
tures of alternating phases at the end of the ingot. In this
case, an increase of thermoelectric figure of merit ZT can be
achieved by reducing the phonon part of the thermal conduc-
tivity as a result of additional scattering of phonons on mi-
croscopic inclusions enriched with iron and on the phase
boundaries in terms of preserving the existing high values of
mobility of charge carriers and therefore conductivity in
heavily doped crystals.

In all n-type samples, temperature dependences of the
resistivity p and of the Hall coefficient Ry have “metallic”
character typical for undoped PbTe-based alloys with no de-
tectable peculiarities associated with the pinning of the
Fermi level (see Fig. 5). We observe high-temperature acti-
vation sections in p(T) and Ry(T) only in samples 8 and 2,
which have the largest Hall coefficients (i.e., the smallest
concentration of free electrons) at low temperatures. This is
obviously due to the intrinsic thermal ionization. These
experimental results indicate a breakdown of pinning of the
Fermi level in heavily doped Pb;_,Fe,Te alloys, which is a
characteristic feature of almost all PbTe-based semiconduc-
tors doped with variable valence impurities (group III metals,
rare-earth and transition metals).

V. KINETICS OF FREE CHARGE CARRIER
CONCENTRATION AND THE MODEL OF ELECTRONIC
STRUCTURE REARRANGEMENT WITH DOPING

To determine the position of the iron resonant level Er.
with respect to the top of the valence band, to construct a
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FIG. 5. Temperature dependences of the resistivity p (a), the Hall coefficient
Ry (b) and the Hall mobility yy; (c) in n-Pb,_yFe,Te. The numbers on the
curves correspond to the serial numbers of the disks into which the ingot
was cut.

diagram of electronic structure rearrangement with doping in
Pb,_,Fe,Te alloys, and to elucidate the reasons for the
breakdown of the Fermi level pinning, we plot the dependen-
ces of free charge carrier concentration p(n) and the Fermi
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energy Ep at liquid-helium temperature versus the serial
number of the sample in the Pb,_,Fe,Te ingot. Assuming
degenerate statistics of holes and electrons in all investigated
samples, we determine the free charge carrier concentration
from the absolute value of the Hall coefficient Ry as
p(n)=1/e|Ry|, where e is the elementary charge (Fig. 6(a)).
Then, we calculate the position of the Fermi level with
respect to either the top of the valence band or the bottom of
the conduction band (Fig. 6(b)) from the experimental values
of the free charge carrier concentration using the nonpara-
bolic six-band Dimmock dispersion relation for IV-VI

semiconductors>%-3!
2 2
%+i+ﬂ_E _%_i_ﬂ_E
2 2m; 2myp 2 2mS 2mf
2 2
p p
:ELﬁ—kEHi, (3.1)
0 mo

where E is the energy of electrons or holes measured from
the middle of the band gap, E, =190 meV is the direct band
gap of PbTe at the L points of the Brillouin zone, p, and pj
are the transverse and longitudinal components of momen-
tum, £, = ZPi/mo,EH = ZPﬁ/mo, Py, and P are the ma-
trix elements of transverse and longitudinal momenta
characterizing the interaction of the valence and conduction
bands, m;” and m; are additional parameters taking into
account the interaction of the principal bands with the four
distant bands in the second-order k-p method perturbation
theory, and my is the free electron mass.

The calculation of the Fermi energy, described in detail
in Ref. 20, was performed using ellipsoidal truncation of the
six-band model®" and one for the most reliable set of model
parameters determined in Refs. 32 and 33. Figure 6 shows
that the free hole concentration rises along the ingot and
tends to saturate at py,, ~ 6 x 10" cm ™ (samples 16 to 10).
The Fermi level shifts up and stabilizes by the Fe-induced
resonant level Eg. below the top of the valence band (E,
— Er. =~ 16 meV) for the same samples. Then a p-n inversion
of the conductivity type and an increase of the free electron
concentration take place. Only in sample 2, in which
regions with characteristic spatial alternation of the main

10" 20
n-type
R (a) o t (®
& [5}
S 107F f‘z 10
~ ! mu
=}
|
T=42K o T=42K i
B
000 1 1 1 i 1 0 1 1 1 1 L 1
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2 — 40
o
at .
w” o p-type
10'9 1 1 1 1 1 1 80 1 1 1 1 1 1

24
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Sample number

24

20 16 12 8 4
Sample number

FIG. 6. Kinetics of changes of the free charge carrier concentrations (a) and
of the Fermi level Ef relative to the edges of the bands (b) at the liquid-
helium temperature along the Pb, _ Fe, Te ingot.
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(Pb,_,Fe,Te) and secondary (FeTe) phases were detected,
are the values of n and Ef significantly lower than in the pre-
vious samples 4 and 6.

In general, the kinetics of changes in the charge carrier
concentration and the Fermi energy along the ingot is charac-
terized by two principal features. The first feature is the sta-
bilization of the free hole concentration and of the
galvanomagnetic parameters of the samples from the middle
part of ingot due to the pinning of the Fermi level by the res-
onant Fe-induced level. This is quite expected and typical
for all previously investigated PbTe-based alloys doped with
group III (In, Ga), rear earth (Yb), and transition metal (Sc,
Ti, V, Cr) impurities. The second feature is the p-n inversion
of the conductivity type with a subsequent increase in the
concentration of free electrons, i.e., the breakdown of pin-
ning of the Fermi level at the end of the ingot. This effect
has previously been observed only in heavily doped
Pbl_yVyTe23 and, possibly, in Pb;_,Ti,Te alloys.>* A com-
parison of the kinetics of changes in the concentration of
charge carriers in PbTe-based alloys doped with impurities
of transition metals, recently made by us in Ref. 19, suggests
that this behavior may be universal for all of the abovemen-
tioned doped alloys. Thus, to interpret the experimental
results obtained in the present work, we use a model for the
reconstruction of the electronic structure upon doping that
was previously proposed for Pb l,x,ySnXVyTe,23 and in
which we shift the deep donor impurity level from the gap
(as it is in Pb;_,V,Te) to the valence band (as it is in
Pb,_,Fe,Te) (Fig. 7).

According to this model, assuming a monotonous
increase of the impurity content along the ingot, the kinetics
of changes of the free carrier concentration and of the Fermi
energy with doping in Pb, _,Fe,Te may be interpreted as fol-
lows (see Fig. 7). Doping of PbTe with iron results in two
types of resonant donor states. The concentration of the latter
rises gradually along the ingot. The main impurity-induced
resonant level Eg. is located under the bottom of the valence
band, while the additional resonant donor level E; is some-
where in the conduction band, well above its bottom.

V%

0 y
FIG. 7. Model for the rearrangement of the electronic structure of
Pb,_,Fe,Te upon doping assuming the appearance of a resonant iron level

Eg. under the bottom of the valence band and of an additional donor-type
resonant level of intrinsic point defects E; in the conduction band.
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Initially (see left panel in Fig. 7), an increase in the concen-
tration of donor resonant states of both types along the ingot
induces the filling of the valence band states that lie below
the main impurity-induced resonant level Ef., a decrease of
the free hole concentration, and a shift of the Fermi level
upwards until the pinning of the Fermi energy inside the im-
purity band. Then (see central panel in Fig. 7), long sections
of stabilization of concentration of free holes and of the
Fermi level, associated with the gradual filling of the impu-
rity band with electrons from the donor level E;, take place.
However, filling of the impurity band with electrons leads to
a breakdown of pinning of the Fermi level and to fast filling
of the upper valence band states. Finally (see right panel in
Fig. 7), subsequent increase in the concentration of resonant
donor states in the conduction band induces a p-n-conver-
sion, an increase in the concentration of free electrons, and a
shift of the Fermi level upwards into the conduction band
due to the flow of electrons from the donor level E; to the
conduction band.

Thus the appearance of the main impurity level Eg,.
upon doping provides a possibility of stabilization of the
Fermi level in a finite range of impurity concentrations. At
the same time, the generation of additional donor levels in
the conduction band leads to filling of the impurity band in
the region of Fermi level stabilization, to a breakdown of
pinning of the Fermi level, and to a p-n inversion of conduc-
tivity type in the alloys upon further doping. However, it
should be noted that this model implies a monotonous
increase in the impurity concentration in the main phase
along the ingot. At the same time, as we have already noticed
in Section III, the iron impurity concentration in the main
phase only slightly rises in the whole investigated part of the
ingot (samples 20 to 2), most likely due to the fact that the
limit of solubility of impurities has already been reached in
the middle part of the ingot. On the other hand, the total con-
centration of iron in the samples continues to change and
increases dramatically at the end of the ingot, resulting in the
formation of inclusions of second phase, which are similar in
composition to compounds of impurity atoms with tellurium.
In turn, the formation of such inclusions should lead to a vio-
lation of the stoichiometric composition of the main phase,
to a depletion of atoms of tellurium and as a consequence to
an increase in the concentration of tellurium vacancies and
of interstitial atoms of lead in the main phase.

These facts allow us to conjecture that additional donor
states in the conduction band are not directly related to the
presence of iron in the alloys. Most likely they originate
from a deviation from the stoichiometric composition in the
main phase and represent levels of intrinsic point defects
with concentrations gradually changing along the single-
crystal ingot. Then an increase in the concentrations of tellu-
rium vacancies and of interstitial lead atoms, that according
to the well-known theoretical conceptions®'>>~** and experi-
mental data®"*'** induce donor-type resonant states deep in
the conduction band (for example, three levels due to a tellu-
rium vacancy split off from the valence p-bands), takes
place. This leads to a breakdown of pinning of the Fermi
level and to a growth of free electron concentration in the
main phase at the end of ingot. We believe that this
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explanation is of a general nature and can be used to describe
the kinetics of changes in the concentration of charge carriers
in all heavily doped PbTe-based semiconductors with transi-
tion metal impurities provided that the solubility limit of im-
purity is reached.

VI. CONCLUSIONS

Our x-ray phase and x-ray fluorescence analysis shows
that Pb,_,Fe, Te alloys synthesized by the Bridgman method
contain microscopic inclusions enriched with iron as well as
regions of a second phase with a chemical composition close
to FeTe. In the main phase which has good uniformity, the
iron impurity content only slightly rises along the ingot
reaching the impurity solubility limit at approximately
0.6 mol. % already in the middle of the ingot, whereas inte-
gral iron content continues to change, increasing sharply at
the end of the ingot.

At the same time, galvanomagnetic parameters as well
as the concentration of free charge carriers in the samples
change by orders of magnitude along the ingot, as if the con-
centration of iron impurity monotonically increased along
the axis of the ingot. First we observe a decrease in the con-
centration of free holes and its saturation at a level of
approximately 6 x 10" cm > associated with the pinning of
the Fermi level by the iron-induced resonant level Ef., situ-
ated under the top of the valence band. In these samples, the
temperature dependences of the Hall coefficient are anoma-
lous in nature, which also indicates the pinning of the Fermi
level by the resonant impurity level. Then, after a long
region of stabilization of galvanomagnetic parameters, a
breakdown of pinning of the Fermi level, a p-n inversion of
the conductivity type, and an increase in concentration of
free electrons in the samples take place.

Kinetics of changes in the free charge carrier concentra-
tion and in the Fermi energy relative to the band edges along
the Pb;_,Fe,Te ingot is calculated and analyzed. By apply-
ing the six-band Dimmock dispersion relation for IV-VI
semiconductors to galvanomagnetic data, the position of
the Fe-induced resonant level measured from the top of the
valence band at liquid-helium temperature (E, — Eg.~
16 meV) is determined. We assume that the breakdown of
pinning of the Fermi level and the p-n inversion of the con-
ductivity type are not directly related to the presence of iron
in the alloys. They may be associated with depletion of the
main phase of tellurium atoms due to formation of micro-
scopic inclusions of a second phase enriched with tellurium
and violation of the stoichiometric composition of the main
phase. It is quite possible that the formation of inclusions
enriched with iron when doping ensures preservation of the
high homogeneity of the main phase of Pb,_,Fe,Te crystals.

We explain our experimental results using the model of
electronic structure rearrangement upon doping, a model
similar to the one suggested earlier for vanadium-doped
PbTe-based alloys, replacing the impurity-induced deep
level in the gap (as it is in Pb,_,V,Te) with the one in the va-
lence band (as it is in Pb,_,Fe,Te). According to this model,
doping of PbTe with iron introduces two different donor-like
resonant levels Eg. and E; lying under the bottom of the
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valence band and deep in the conduction band, respectively.
The impurity level Eg. provides the filling of the valence
band with electrons and the pinning of the Fermi level in a
wide range of impurity concentrations while the additional
level E;, the nature of which is not yet clear, ensures the
breakdown of the Fermi level pinning, the p-n conversion,
and the increase in the concentration of free electrons at the
end of the ingot. We conjecture that due to the change in the
stoichiometric composition and to the depletion of tellurium
atoms in the main phase along the ingot, the role of resonant
donor levels E; can be played by the levels of intrinsic point
defects (tellurium vacancies and lead interstitials) lying deep
in the conduction band and having a donor nature.

As a final remark, we would like to note that, in our opin-
ion, the model of electronic structure rearrangement of
Pb,_,Fe,Te with doping is general and can be used for PbTe-
based alloys doped with other impurities of transition metals.
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