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Single crystals of (Sb, ,Bi, ,o),_ JFeTe, and Sb, Bi, Fe Te,(x = 0.0-0.015)
have been prepared and characterized by the measurements of X-ray diffraction,

- reflectance in the plasma resonance frequency region, Hall coefficient R, (B//c),
electrical conductivity o, and Seebeck coefficient a (4T ..c). Itwas found that Fe
atoms in the crystal structure of Sb, Bi, ;Te, behave like acceptors, the observed
increase in the hole concentration with an increase in the incorporated Fe content
is explained by the formation of substitutional defects of Feg and Fey, in the
crystal lattice of the crystals studied. The incorporation of Fe atoms into the
Sb, ;Bi, ;Te, lattice leads also to a decrease in the power factor oa’ of the
crystals.
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Introduction

Sb,_Bi Te, mixed crystals belong to the group of narrow-ga p layered
semlconductors having tetradymite structure (space group R3m-—D3,). These
crystals are the basic materials of p-type electrical conductivity for the preparation
of thermoelectric devices such as coolers or thermogenerators with the best figure
of merit in the range around room temperature [1,2]. Therefore, materials of this
type are an object of both theoretical and applied research.

Despite considerable attention devoted to the research of Sb,_ Bi Te,
mixed crystals [3], there are very few data in the literature on the effect of
impurities on the physical properties of the mixed solutions Sb,_ Bi Te,. Studies
of the acceptor effect of Pb, PbTe, Pb,Te, [4,5], the donor effect of iodine [4], and
the effect of overstoichiometric addition of Te or Se [6] on properties of mixed
crystals Sb,_ Bi Te, were published. The donor effect of T1,Te, additions to the
mixed solid solution of (Sb,Te,), ,s(Bi,Te,), ,; was described in [7]. According
to [8], the mechanical strength of the latter compound can be increased by
additions of nickel and overstoichiometric tellurium. The relations between
nonstmchlometry and the properties of Sb, [Bi, STe3 solid solution were studied
in [9,10]. The donor effect of indium atoms inSbBiTe, single crystals was
described and explained in our previous papers [11,12]. In our other papers [13,14]
we studied Ag-doped Sb1 sBigsTes and Sb, (Bi, [Te, single crystals. We have
found that Ag impurities in Sh, ;Bi, [Te, crystal lattice result in an increase of the
hole concentration, and in Sby  Bi, ;Te, they result in a decrease of the hole
concentration.

The investigation of effect of Fe impurities on properties of crystals of
Bi,Te,~Sb,Te, system up to nowadays has been aimed to the study of its effect
on the properties of both binary teflurides. The results of both studies {15,16]
revealed that doping of Bi,Te, with Fe results in suppression of hole
conceniration, but on the other side, Fe doping of Sb,Te, increases the
concentration of holes in the latter crystals [17]. The effect of Fe doping of mixed
crystals Sb,_ Bi Te, has not been studied yet.

In the present paper we describe the preparation of Fe-doped Sb, ,Bi, . Te,
single crystals. The prepared crystals were characterized by the measurements of
their lattice parameters, reflectance spectra in the plasma resonance frequency
region, Hall coefficient, electrical conductivity, and Seebeck coefficient with the
aim to find how these quantities are affected by the incorporation of Fe atoms into
the crystal lattice of Sb; [Bij /Te,.
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Experimental
Growth of Single Crystals and Preparation of Samples

The starting polycrystalline materials for growing the single crystals were prepared
from Sb, Bi, Te elements of SN purity and from Fe,Te,.

The synthesis of Fe,Te, was carried out by heating the stoichiometric
mixture of powdered iron and tellurium of SN purity in evacuated quartz ampoules
at the temperature of 1170 K for 4 days. According to the results of the study of
Fe-Te system [18] the compound of Fe,Te, is formed at 1085 K. Therefore the
ingot obtained in the first stage was pulverized and heat treated at 1085K for
another 6 days. The resulting product was subjected to X-ray diffraction analysis.
The obtained diffractogram exhibited only the lines corresponding to Fe,Te,, no
lines due to elemental iron and/or tellurium were observed.

The polycrystalline materials were synthesized in conical quartz ampoules.
The ampoules were charged with quantities of Sb, Bi, Te and Fe,Te, in the ratio
corresponding to the stoichiometry of (8b,.Bi,,;), [Fe Te; and
Sb, (Bi, Fe Te, (x = 0.0-0.015). The charged ampoules were then evacuated
to a pressure of 107* Pa and sealed. The synthesis was carried out in a horizontal
furnace at a temperature of 1073 K for 48 hours.

The single crystals were grown using the Bridgman method. A conical
quartz ampoule containing the synthesized starting polycrystalline material was
placed in the upper warmer part of the Bridgman furnace, where it was annealed
at 1003 K for 24 hours. Then it was lowered into a temperature gradient of 80
Kem™' atarate of 1.3 mmh™.

This technique yielded single crystals 50 mm long, 10 mm in diameter, well
cleavable, with their trigonal axis always perpendicular to the ampoule's axis. The
orientation of the cleavage faces was carried out using the Laue method.

The samples of the dimensions of 10 x 3 x 0.1 to 0.2 mm for the
determination of physical properties of the crystals were cut out from the middle
part of the crystals. At first the reflectance was measured on the natural cleavage
faces, and then, after contacting samples, the measurements of the Hall constant,
electrical conductivity and Seebeck coefficient were carried out. Finally the actual
concentration of Fe in these samples was determined using atomic absorption
spectrometry. In such a way we have obtained the magnitudes of all the physical
parameters on the same sample with the known content of iron.

Parts of the single crystals, after cutting out the samples, were powdered and
the powders were used for the X-ray diffraction analyses. The concentration of
iron in these powder samples was also determined by atomic absorption
spectrometry.
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Table I Lattice parameters of (Sb,,Bij,.),. Fe Te, and Sb, Bi Fe Te, crystals

Sample a, nm ¢, nm c/a v, nm? A%
Sb, ;Bi, ;Te, 042930  3.0460  7.095 0.4862 0.016
Sb, Biy Fe, o5 e, 042926  3.0461 7.09 0.4861 0.013
Sb, ,Big ;Fe, o Te; 042922 30462 7007 04860  0.018
Sb, Bi, JFe, . Te, 042903 30477 7104 04858 0015
(SBg7sBig 25}, s0oFCooosTe; 042912 30472 4.101 04860 0,007
(S8 sBig 50), oasFeopisTe; 042919 3.0471 7.100 0.4861 0.009

N
*) A = 3|20, - 28, |/N, where 26, is the experimental diffraction angle, 28,,,,
calculated from lattice parameters and N is number of investigated diffraction lines

isthe angle

Determination of Lattice Parameters

The lattice parameters of the single crystal samples prepared were determined on
powder samples by the X-ray diffraction analysis using an HZG-4B diffractometer
(Freiberger Prizisionsmechanik, Germany). The diffraction maxima were
measured by means of a step procedure at a step size of 0.01° with CuK,
radiation; the K, radiation was removed using a nickel filter. The calibration of the
diffractometer was carried out with polycrystalline silicon. The diffraction lines
obtained were indexed according to Gobrecht et al. [19] and the values of the
lattice parameters a and ¢ of the crystals were calculated by the lest squares
method.

Measurements of the Reflectance Spectra in the Plasma Resonance Frequency
Region

Spectral dependences of the reflectance R in the plasma resonance frequency
region were measured at room temperature in unpolarized light on natural (0001)
cleavage faces using an FT-IR spectrometer Biorad FTS 45, The geometry of the
experiment was arranged in such a way that the electric field vector E of the

electromagnetic radiation was always perpendicular to the trigonal c-axis, i.e.
Eic,
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Measurement of the Hall Coefficient, Electrical Conductivity, and Seebeck
Coefficient

The values of the Hall coefficient were determined on the samples prepared from
the central parts of the crystals. The experimental geometry corresponded to
R, (B|c). The samples were connected to an a.c. current supply of 1039 Hz
frequency, the constant magnetic field induction B was equal to 0.8 T.

Besides the measurements of the Hall coefficient, the values of the electrical
conductivity ¢ . have been determined, namely from the voltage drop measured
across the sample. The samples being measured were placed in a cryostat which
made it possible to measure over the temperature range from 100 to 400 K.

The Seebeck coefficient ¢ was determined for the direction AT.Lc, that is
a(AT1e) in the temperature range of 150 to 400 K; the temperature ditference
between the cold and hot junction was not higher than 10 K.

Results and Discussion
Lattice Parameters

Lattice parameters of the studied crystals, obtained by the X-ray diffraction
analysis, are summarized in Table I. It is obvious that the incorporation of iron
atoms into the crystal structure of Sb, (Bi, ;Te, results in a small but measurable
changes of lattice parameters in both types of crystals (Sb, (Bi, ;),_Fe Te; and
Sb, ;Bi, ;Fe Te,; the parameter a decreases, while parameter ¢ increases. The
increasing value of the ratio c¢/a gives evidence of the deformation of bonding
angles and deformation of the elemental unit cell of the crystal lattice. Moreover,
the observed changes in the crystal lattice parameters gives evidence for the
incorporation of iron into the crystal structure of Sb, ;Bi, ;Te,. A similar change
of lattice parameters was observed also at the incorporation of Fe atoms into the
Sb,Te, crystals [17]. The only difference between both cases is that in Fe-doped
Sb,Te, crystals a small decrease in the elementary unit cell V was observed, but
in the case of (Sb,,Bij,),. Fe, Te; and Sb, ;Biy ;Fe Te, crystals the incor-
poration of Fe practically does not change elementary cell volume.

It should be also mentioned that X-ray diffraction patterns of all the studied
crystals contained only the diffraction lines corresponding to the tetradymite
crystal lattice.
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Fig. 1 Reflectance spectra of (8by 4sBiy55),_Fe Te; and Sb, Bi, ;Fe Te,. Numering of the
spectra corresponds to Table II

Reflectance Spectra

The obtained reflectance spectra of the samples of (Sby 1sBig ), Fe Te, and
Sb, ;Bi, ;Fe Te, crystals are shown in Fig. 1. It can be seen that the speciral
dependences of reflectance R = f{v) within the studied spectral range exhibit a
minimum whose position shifts with increasing iron content towards higher
wavenumbers, i.e. to lower wavelengths. The estimated positions of the reflectance
minima are given in Table II.

In order to obtain information on the changes in the free carrier
concentration associated with an incorporation of Fe into the Sb, Bi, Te, lattice,
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Table Il Optical parameters and hole concentration P of (Sby,Bi,,),_Fe Te, and
Sb, ;Bi, ;Fe Te, crystals at room temperature

Sample No. Cpes M ., T,
10%em™ Bm 10457 1074s

1 Sb, ;Bi, ;Te, - 11.6 1.48 2.4

2 (8by 5By 353, 002 €008 T €3 4.68 10.2 1.65 1.6

3 (Sby 75Bij 250, ossF 0015 T84 9.51 9.75 1.69 1.4

4 Sb, sBiy sFeg gpaTe; 2.08 10.7 1.65 1.6

5 Sb, (Bi, ;Feg s Te; 4.24 9.92 1.7 1.7
Sb, Bij ,Fe,q5Te; 11.74 8.9 1.90 1.5

Sample No. e Plms, P, AP,

10%em>  10%em™® 10 cm”

1 Sb, ;Biy s Te, 57.0 3.94 5.20 -

2 (Sby 7sBiy 25, 002F€0 008 T84 56.5 4.82 6.36 1.16

3 (Sby 7sBig 25)) 05T Co.01s T €3 56.7 5.60 7.39 2,19

4 Sb, Bi, sFey s Tes 56.5 4.82 6.36 1.16

5 8b, Bi, Feg g€ 57.5 5.24 6.92 1.72

6 Sh, ,Bi, Fegq5Tes 57.5 6.53 8.62 3.42

the experimental R = f{v) curves were fitted using equations for the real (£, } and
imaginary (&, ) parts of the permittivity following from the Drude—Zener theory
[20]

8]=n2~k2‘8m1— 21 >
@)L L 8y
(Dp OJP‘L'
4
g, = 2nk = — 2‘
(o], (1) @
(Dp T

where # is the index of refraction, k index of extinction, t the optical relaxation
time, &_ the high-frequency permittivity,and ©, the plasmaresonance frequency.
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For one type of carriers, the last quantity is given by the relation

Pe? 3
@, = e |-= (3)
€€, MmLm,

where mim, is the carrier effective mass in the direction perpendicular to the
trigonal axis ¢, P is the concentration of free carriers, and €, is the permittivity of
free space. Approximate trial values of €_, t and @, were introduced into Egs (1)
and (2), and a suitable computer program was used to minimize the functjon

¥y (R - R)?, where R’ is the experimental reflectance and R is the calculated
i

value, given by the relation

R -1k’

(n+1) +k? )

Using the fitted values of &_ and ®_ we determined the values of the ratio P/m.
from relation (3). Assuming that the value of m. is constant in the investigated
interval of the current carrier concentrations, the ratios P/m. were used to
calculate the charge carrier concentrations P taking the value of m1 = 0,132 m,
[21] for Sb, ,Bij ,Te,. The results of this analysis are summarized in Table II. It
is obvious that an incorporation of iron atoms into Sb, ;Bi, ;Te, crystal lattice the
concentration of free current carriers P (holes) increases both in the crystals
containing overstoichiometric Fe — Sb, 5Bl sFe Te;, and in the crystals with the
stoichiometric Fe-doping — (Sbo.vsBio.zs)z-xFexTcy i.e. iron atoms behave in
these crystals similarly to their behaviour in Sb,Te, crystals [17].

Hall Coefficient, Electrical Conductivity, and Seebeck Coefficient

Temperature dependences of Hall coefficient, electric conductivity and Seebeck
coefticient are shown in Figs 2 — 4. The values of all three parameters for the
temperature of 300 K are given in Table III.

The data shown in Table III reveal that the incorporation of Fe atoms into
the crystal structure of Sb, ;Bi, ;Te, results in a decrease in the Hall coefficient
and Seebeck coefficient. These changes are in accordance with the observed
changes in the reflectance spectra, where we have concluded that the
incorporation of Fe into Sb, ;Bi, ;Te, crystals results in an increase in the
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concentration of free carriers — holes. Therefore we would expect an increase in
the values of electrical conductivity of Fe-doped Sb, ;Bi, ;Fe Te, crystals, butthe
values of electrical conductivity of all Fe-doped samplesat 7 = 300 K, with the
exception of sample No.6, are [ower than that of the undoped crystal. Such an
effect was also observed in the Fe-doped Sb,Te, crystals [17], which was ascribed
to a substantial decrease in the mobility of free current catriers (the values of the
product of the Hall coefficient and the electrical conductivity, R, ¢, corresponding
to the mobility, sharply decrease). Therefore, when an increase in the hole
concentration caused by the incorporation of Fe atoms into Sb, ;Bi, ;Te, crystal
is small (see e.g. P values in Table II) and the drop in the R, values is relatively
high, then we can observe a decrease in the values of electrical conductivity of Fe-
doped crystals.

As can be seen in Fig. 3 the incorporation of Fe atoms into Sb, Bij ;Te,
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Fig.2 Temperature dependences of the Hall coefficient R, of Fe-doped Sb, (Bi, ;Te, single
crystals: a} Sb, ;Bi, [Fe Te, crystals; b) (8by ;sBi ), Fe, Te; crystals. Numbering of
samples corresponds to Table [1

crystal structure changes not only the values of electrical conductivity at 300 K,
but also the temperature dependences of electrical conductivity. The observed
decrease in the electrical conductivity with increasing temperature within the
investigated temperature range of 100 — 400 K is smaller for the Fe-doped crystals
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Fig. 3 Temperature dependences of the electrical conductivity ¢ of Fe-doped Sb, (Bij ;Te,
single crystals; a) Sb, ;Biy;Fe Te, crystals; b) (Sby, ,Biy,.),_Fe Te, crystals,
Numbering of samples corresponds to Table II

of (Sby ,sBi, ,5),_ Fe,Te, and Sb, Bi, ;Fe Te, than forthe undoped Sb, (Bi, ;Te,
crystal. The observed difference in the behaviour of undoped and Fe-doped
crystals can be ascribed to changes in the mechanism of scattering of free current
carriers during the decrease of temperature. The information on the scattering
mechanism can be obtained from the temperature dependence of mobility
u~ Ryo ~ TP, where the power exponent f is characteristic of the scattering
mechanism of free current carriers. Therefore in Fig. 5 we have plotted the
dependences of In(R,0) vs. InT. The broken line in Fig. 5 with the slope
fg = -3/2 corresponds to the scattering on acoustical phonons. It is clear that
in the region around 300 K the experimental values of In(R ;9) vs. InT for the
parent crysta] of Sb, (Bi, ;Te,agree well with the slope of ~3/2. The deviation of
the experimental data from this line, which can be observed in the low-temperature
region, gives evidence for the prevailing mixed scattering mechanism — scattering
on acoustical phonons (dominant mechanism) and on ionised impurities. When we
compare all dependences In(R,,6) vs. InT shown in Fig, 5, we can come to the
conclusion that with an increasing Fe content in Fe-doped Sb, ;Bi, ;Te, crystals
the contribution of the scattering on ionised impurities to the total scattering
mechanism increases. This conclusion supports the previous explanation of
changes in temperature dependences of electrical conductivity of these crystals.
It should be mentioned here, that this qualitative conclusion relating free-
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Table I Values of the transport coefficients of (Sb, ,Bi, ,;),_,Fe Te, and Sb, (Bi, Fe Te,
crystals at room temperature '

Sample No. Cres o, Ry, a,
10%em™? Q'cm™  em*Als? pv K!

1 Sb, ;Bi, ;Te, - 2750 0.086 130.5

2 (8by 75Big 25) 1 992F €0.008 783 4.68 2430 0.068 117.6

3 (Sby 7sBig 5| 0gsF€0.01sTEs 9.51 2550 0.06 119.5

4 Sb, Bi, ;Feg o0, Te, 2.08 2560 0.076 124.1

5 Sb, ;Big Feg06Tes 4.24 2670 0.061 118.3

6 8b, Bi, sFey o578 11.74 2930 0.048 106.2

Sample R,o, aga?, P, AP,

No, em*V'st 107 Wm'K' 10%em@  10%em™?

1 Sb, (Bi, ;Te, 239.9 4.751 4.79 -

2 (Sby 5.Big 15, 05:F €0 008 T 165.2 3.361 6.06 1.27

3 {(Sby 1sBiy 20), 55sF €015 TS 153 3.641 6.87 2.08

4 Sb, (Bi, sFey o3 Tey 194.6 3.943 542 0.63

5 Sb, ;Big Fey g Ty 1629 3.737 6.75 1.63

6 8b, ;BiysFegoisTe, 140.6 3.305 8.53 3.74

carriers scattering mechanism is in a good agreement with the theoretical model
of M. Stordeur [22,23], where for the analysis of transport properties of
tetradymite-type crystals within the temperature range of 80 — 300K, mixed
scattering mechanism on acoustical phonons and ionised impurities was used as
well.

We assume that the mixed scattering mechanism of free current carriers and
- the increasing participation of scattering on ionised impurities, observed with an
increasing content of Fe in the doped mixed crystals, are also associated with an
observed intersection of temperature dependences of Seebeck coefficient of the
samples of Fe-doped and undoped Sb, (Bi, ;Te, crystals in a low-temperature
region (see Fig. 4).

Power Factor and Figure of Merit
For the evaluation of the suitability of materials for thermoelectric applications the
figure of merit Z = ca?/k (where o is the electric conductivity, a is the Seebeck

coefficient and x is the thermal conductivity) is usually used. As the experimental
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determination of the thermal conductivity requires sophisticated techniques for an
orientational evaluation of thermoelectric materials only, the product co?, called
»power factor®, is usually used. The values of the power factor for the Fe-doped
samples are shown in Table III. From the given data it is evident that Fe-doping
of Sb, ;Bi, ,Te, crystals leads to a decrease in the value of their power factor oo,
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Fig4 Temperature dependences of the Seebeck coefficienta of F e-doped Sb, (Bi, ,Te, single

crystals: a) Sb, (Bij [Fe Te, crystals; b) {(Sby ;sBiy,5),_Fe Te, crystals. Numbering of
samples corresponds to Table II
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Total thermal conductivity x, given in the expression of the figure of merit
Z, is composed of an electronic (k,) and a lattice (x,) part of the thermal
conductivity. When considering the effect of an increasing hole concentration,
caused by the incorporation of Fe atoms into the Sb, ;Bij ;Te, crystals, we can
expect an increasing contribution of the electronic part of the thermal conductivity
K,. On the other side, the formation of point defects, formed by incorporated Fe
atoms, should lead to a decrease in the value of K, . So the described opposite
effect of Fe-doping on the value of the thermal conductivity of the studied crystals
should not substantially change the values of the total thermal conductivity of the
crystals. From the discussion given above we can conclude that the changes in the
values of Z, caused by the doping of Fe into Sb, (Bi .Te, crystals, will be
practically similar to the changes in the power factor. As the incorporation of Fe
atoms into the Sb, (Bij ;Te, lattice changes the values of both Z and the power
factor ca? in the same way , we can conclude that Fe is not an effective dopant of
thermoelectric materials of the tetradymite type used for thermoelectric
applications.
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Lattice Defects

From the presented results of mutually independent measurements of reflectance
inthe plasmaresonance frequency region, Hall coefficient and Seebeck coefficient
it was found that the incorporation of Fe atoms into Sb, .Bi, ;Te, crystal structure
resuits in an increase in the hole concentration both in the crystals where Fe
impurity is added in stoichiometric ratio with Te — (8b, ,,Bi, ,.),_ Fe Te,; and
in the crystals where Fe impurity is added without compensation with Te —
Sb, ;Bi, ;Fe Te,. It means that Fe impurity in mixed crystals of Sb, Bi, Te,
reveats similar behaviour as in Sb,Te, [17].

From similar relations of properties we could presume the formation of
similar point defects in Sb, Bi, ;Te, asin Sb,Te, crystals. In Sb,Te, crystals the
observed increase in the hole concentration was ascribed to the incorporation of
Fe atoms into Sb-sublattice creating thus negatively charged substitutional defects
of Feg, [17]. We suppose that also in the Sb, (B, ;Te, crystals Fe atoms probably
enter ,,cation” sublattice, forming thus substitutional defects of Fe,,,, where Me
stands for Sb or Bi atom. An increase in the hole concentration, due to the
incorporation of Fe into the crystal lattice, can be described by the following
equation

2Fe +3Te = 2Fe,,, +Me,Te, +2h" . (5)

According to this equation the incorporation of 2 Fe atoms into the crystal
structure is accompanied by the incorporation of 3 Te atoms. This condition was
fulfilled in the crystals prepared from melt with stoichiometric composition as
(Sby 5By 55),_ [Fe,Te, . Inthe case of the crystals with ovestoichiometric addition
of Fe impurities Sb, (Bi; ;Fe Te, we suppose that Te atoms necessary for the
compensation of incorporating Fe atoms are obtained from tellurium segregating
from the melt during the crystal growth of Sb, .Bi, ;Te, from the stoichiometric
melt. As was observed earlier [24], during the growth of Sb,Te, or Bi,Te,
crystals from the melt with stoichiometric composition, the crystals obtained
reveal always an overstoichiometric content of Sb or Bi. The overstoichiometric
atoms of Sb or Bi in the crystals of Sb,Te, or Bi,Te,, resp., form antisite defects
of Sby, or Bij,, resp., which are responsible for the p-type electrical conductivity
of these tellurides [25,26]. Also inthe case of Sb, Bi, ;Te, crystals prepared from
the melt with stoichiometric composition, p-type electrical conductivity was
explained by the formation of antisite defects Sb;, and Bir, [27].

In this way we can assume that the observed increase in the hole
concentration, caused by the incorporation of Fe atoms into Sb, (Bi, ;Te, crystal
structure, is associated with the formation of substitutional defects in the cation
sublattice of the type of Fe,,, , where Me is Sb or Bi atom. In order to estimate the
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Fig. 6 Dependence of the change in the concentration of holes AP and AP’ vs. the
concentration of incorporated iron atoms ¢g, ; AP —estimated from reflectance minimum
- 00 (Sb,,sBi;,), [Fe Te,, e® Sb, Bi Fe Te,; AP’ — estimated from Hall
coefficient — OO (8b, ;Bi,,,), Fe Te,, um Sb, SBiolsFexTes

effectiveness of the contribution of incorporated Fe atoms to electrical
conductivity, i.e. how many Fe atoms it is necessary to incorporate into the crystal
structure of Sb, (Bij ,Te, for the formation of one hole, we have calculated the
difference AP = P - P,, where P is the concentration of free current carriers
obtained from reflectance minima of the Fe-doped crystals, and P is the hole
concentration in the parent undoped Sb, (Bi, ;Te, crystal. Calculated values of
AP are given in Table III and plotted in Fig. 6 against the content of Fe impurities
as AP = flcg,). Inthis figure, besides the values of AP obtained fromthe analysis
of reflectance spectra, there are also given the values of AP’ calculated using the
values of P’ and P, determined from the Hall coefficient R, (B|c) in the
following way:

"
Pe’
where e is the electron charge, ¥ is the structural factor, and r,, is the Hall factor.

For the Hall coefficient we have used the expression R (Blc) = ¥
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For y we have used the value of 0.66, given for Sb, [Bij (Te, crystals in the paper
by Stordeur ef al. [21]. In a first approximation we have considered that the
incorporation of Fe into the crystal structure of Sb, (Bi, ;Te, does not change y
value and that the value of the Hall factor r, is close to zero, ic. r,, = 1. The
calculated approximate values of P’, obtained by this procedure, are given in
Table ITI.

In Fig. 6, besides the points corresponding to experimental values of AP
and AP’, there is a full line corresponding to the dependence of AP = f{c;,) for
the case when one incorporated Fe causes the formation of one hole according to
the Eq. (5). It is evident that all experimental points are placed under this line —
which means that for the creation of one hole it is necessary to incorporate more
than one Fe atom into the Sb, (Bi, ;Te, crystal structure. The linear interpolation
of experimental points gives a dashed line with the slope of ~ 0.55. That means
that apparently only a half of the Fe atoms incorporated into Sb, ,Bi, ;Te, crystal
structure is electrically active, This result is in agreement with our previous studies
of Fe-doped Sb,Te, [17] and Bi,Te, [15] crystals. According to our previous
results, Fe atoms in Sb,Te, crystals form substitutional defects Feg, [17], whereas
in Bi,Te, crystal ionized Fe atoms enter interstitial positions [15]. Therefore, we
assume that in the crystal lattice of Fe-doped Sb, ;Bi, ;Te; mixed crystals both
types of lattice defects could be formed, i.e. not only negatively charged
substitutional defects of Fey, , but also positively charged interstitial defects. As
the opposite charges of both defects compensate each other, a part of incorporated
Fe atoms seems to be electrically inactive. With regard to the experimental results
showing that the incorporation of Fe atoms into the Sb, ,Bij ,Te, crystal structure
leads to an increase in the hole concentration we can deduce that substitutional
defects prevail in the crystal lattice of Fe-doped Sb, (Bi, ,Te, mixed crystals.

Conclusion

From the results of the characterization of (Sby,Bi,,.), Fe Te, and

Sb, Bi, ;Fe Te, crystals by X-ray diffraction, mesurements of reflectance in the

plasma resonance frequency region, Hall coefficient, electrical conductivity and

Seebeck coefficient and the analysis of these results we have come to the

following conclusions:

1. Doping of Sb, ;Bi, ;Te, crystals by iron atoms results in an increase in the hole
concentration in the doped crystals. We assume that this effect is due to the
incorporation of Fe atoms into the cation sublattice and the formation of
negatively charged substitutional defects of Fe,,_ , where Me is Sb or Bi atom.

2. The comparison of an increase in the hole concentration with the concentration
of incorporated Fe atoms in Sb, Bi, ;Te, crystals lead to the conclusion that
almost one half of incorporated Fe atoms seems to be electrically inactive. This
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effect is explained by the formation of two types of point defects — previously
mentioned substitutional defects and also positively charged Fe atoms in
interstitial positions. In this way a partial compensation of negative charges of
point defects by positive charges takes place, but as the substitutional defects Fey,,
are the major ones, the resulting effect is increase in the hole concentration.

3. Theincorporation of Fe impuritiesinto Sb, ;Bi, ,Te, crystals is associated with
a sharp decrease in the mobility of free current carriers — holes.

4. Feimpuritiesin Sb, [Bi, ;Te, crystals decrease the value of the power factor ¢ o’
and therefore, Fe is not an effective dopant of thermoelectric materials of the
tetradymite type used for thermoelectric applications.
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