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Abstract—The Shubnikov—de Haas effect and the Hall effect in n-Bi, _ [ T1,Se; (x =0, 0.01, 0.02, 0.04) and
p-Sb, _ TLTe; (x =0, 0.005, 0.015, 0.05) single crystals are studied. The carrier mobilities and their changes
upon TI doping are calculated by the Fourier spectra of oscillations. It is found shown that Tl doping
decreases the electron concentration in n-Bi, _ [T1,Se; and increases the electron mobility. In p-Sb, _ Tl Te;,
both the hole concentration and mobility decrease upon T1 doping. The change in the crystal defect concen-

tration, which leads to these effects, is discussed.
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1. INTRODUCTION

The use of thermoelectric devices allows direct
thermal-to-electric energy conversion. In this case,
thermal generators can use this thermal energy which
is usually released to the ambient atmosphere. This is
extremely important in the world today in the context
of limited power resources [1, 2]. A good thermoelec-
tric material should have a high conductivity o to min-
imize losses to heating, a low thermal conductivity &,
and a high Seebeck coefficient .5, i.e., high thermo-
electric efficiency Z = S?o/k [3]. To obtain materials
with high Z, the effect of various factors, including
doping, on the above parameters should be studied [4].

Bismuth selenide (Bi,Se;) and Bi,Te;_ ,Se, alloys,
including the most compensated Bi,Te,Se compound,
are well studied [5]. The relation of the thermoelectric
properties to the Bi,Te;_ ,Se, composition is traced in
[6]. An important parameter of thermoelectrics is the
electron or hole mobility. The carrier mobility
depends on the scattering mechanisms and, in bis-
muth—antimony tellurides and selenides, it also
depends on doping. The carrier mobility usually
decreases with increasing dopant concentration [7, 8].
However, sometimes, the carrier mobility increases
under low doping; e.g., such an effect in bismuth tel-
luride was observed upon doping with germanium or
indium [9].

Antimony telluride (Sb,Te;) is a known thermo-
electric p-type material [10—12]. A similar but n-type
material is bismuth selenide (Bi,Se;) which is used in
thermoelectric devices and has high Z at room tem-

perature [13—17]. These materials are narrow-gap
semiconductors of rhombohedral structure with

R§m—D35d symmetry. The layered structure leads to a
low thermal conductivity and high thermoelectric
efficiency Z. In Sb,Te;, a large number of charged
antisite defects (Sb atoms occupy Te sites in the lat-
tice) are usually observed, which leads to p-type con-
ductivity [10]. In addition to other defects, such as Te
vacancies, they are scattering centers and affect the
thermoelectric power S [11, 18].

Despite extensive studies of both bismuth and anti-
mony tellurides and selenides, there are only a few
papers on the effect of Tl doping on the properties of
Bi,Se; [19], Sb,Te; [20], and Sb, sBi, sTe; [21].

In this work, we study the effect of the thallium
doping of p-Sb,Te; and n-Bi,Se, single crystals on the
Hall carrier mobilities and mobilities obtained from
the Shubnikov—de Haas (ShdH) effect in magnetic
fields of 30—38 T.

2. EXPERIMENTAL

Thallium-doped p-Sb, _ TLTe; (x = 0, 0.005,
0.015, 0.05) and n-Bi, _ , T1.Se; (x=0, 0.01, 0.02, 0.04)
single crystals grown by the Bridgman method were
studied. In measurements of the Shubnikov—de Haas
effect, the current was directed along the C, axis in the
basal plane, the magnetic field was perpendicular to
the basal plane along the C; axis. The Shubnikov—
de Haas effect was measured in pulsed magnetic fields
at a temperature of 7= 4.2 K [22]. The thallium con-
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Table 1. Electron concentration », Fermi energy Ef, quan-
tum mobility p,, determined from the Shubnikov—de Haas
effect, and Hall mobility py of n-Bi, _ [T1 Se; samples

Sample .. n, Er, g B
Composition | o " 4 5 5
no. 10” cm™| meV [cm?/(V s)|em?/(V's)
1 Bi,Se; 2.2 161.7| 340 1030
2 Bi1.99T10.Olse3 2.1 160.1 520 1370
3 |BijggTlypSes| 1.9 [153.4| 360 1374
4 |BijgTlypsSe;5| 1.6 140.3] 930 1510

Table 2. Light-hole concentration p, Fermi energy Ep, and
quantum mobility p, of p-Sb, _ /T1,Tes; samples, determined
from the Shubnikov—de Haas effect

Sample .. Ds Hg>
E A%
no. Composition 109 em=3 | 7P ¢ cm?/(Vs)
1 Sb,Te; 2.8 97.1 1160
2 Sb1.995T10.005Te3 2.7 937 790
3 |SbyogsTlooisTes| 2.6 92.2 760
4 | SbyosTloesTes | 1.4 61.1 420

centration is given according to loading during single-
crystal growth. The carrier concentrations and Fermi
energies were determined from the ShdH-effect data
by the technique described in [22—25]. Some parame-
ters of the samples under study are given in Table 1 for
n-Bi, _ [T Se; and in Table 2 for p-Sb, _ [T Te;. The
procedure for calculating the quantum mobilities p, is
given in the next section.

We can see in Tables 1 and 2 that the electron con-
centration decreases in n-Bi,Se;; the hole concentra-
tion also decreases in thallium-doped p-Sb,Te;.

3. MEASUREMENT RESULTS
AND DISCUSSION

For the Bi, _,T1,Se; (x = 0.01, 0.02, 0.04) samples,
the Shubnikov—de Haas effect in strong magnetic
fields was also studied at magnetic field B orientation
along the C,; axis. Figure 1 shows the SdH oscillations
and the Hall effect for the samples under study; Fig. 2
shows the Fourier spectra of oscillations. In all sam-
ples, only one frequency was observed, which corre-
sponds to one ellipsoid of the electron Fermi surface of
light electrons in Bi,Se;. Experimental data on the
Shubnikov—de Haas effect are used to calculate the
electron concentration and the Fermi energy which
are given in Table 1. The calculation procedure is
described in [22—25]. The electron concentration and
Fermi energy in Bi,Se; decrease upon T1 doping.

For Sb, _ [Tl Te; single crystals, the Shubnikov—
de Haas oscillations were measured (see Fig. 3). As
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noted above, all measurements were performed for
magnetic field orientation along the C; axis. In this
case, for the six-ellipsoid Fermi surface of light holes,
all ellipsoid sections coincide and only one oscillation
frequency f is observed, which is seen in the Fourier
transform shown in the inset in Fig. 3. The oscillation
frequency decreases with increasing doping, which
corresponds to a decrease in the light-hole concentra-
tion. The oscillation frequencies, light-hole densities,
and Fermi energies in the samples under study were
determined from Fourier analysis (see Table 2).

The data obtained from the Shubnikov—de Haas
effect can be used to calculate the carrier mobilities
and their changes upon doping of the studied
Bi, _ ,.T1,Se; and Sb, _ [Tl Te; alloys. When determin-
ing the carrier mobilities, the transport and quantum
relaxation times should be distinguished [26—30]. The
transport relaxation time T, of the electron momentum
is controlled by the average time between events of
elastic scattering at impurities, which significantly
change the momentum direction, and can be written as

1_ jcs(cp)a — cosQ)do, (1)
T, )

where o(@) is proportional to the scattering probability
per unit time at angle @. The quantum lifetime T, (sin-
gle-particle relaxation time) is derived by averaging the
time between arbitrary scattering events and is given by
the expression

L = [o(o)de )

T
7 0

Due to the factor (1 — cos@) in the expression for T,
the transport scattering time can differ from the quan-
tum one. For isotropic scattering, e.g., at phonons,
these scattering times are equal. However, for Cou-
lomb scattering at ionized impurities, o(®p) is high for
scattering at small angles; therefore, T, can be several
times higher than T,

An analysis of the dependences of the Shubnikov—
de Haas oscillation amplitude on the magnetic field
makes it possible to determine the quantum elec-
tron mobilities p, = (e/m)t, [26]. The envelope of
the Shubnikov—de-Haas-oscillation magnetoresis-
tance exponentially depends on the quantum mobility
as [27, 31—-34]

Apxx =4 exp(_ﬂj
; HeB

(3)
2n’skyT /ho,

{ sEr }
XCOS - - 5 )
ho, sinh(2n“skgT /hiw,)

where T'is the temperature, kg is the Boltzmann con-
stant, and w, is the cyclotron frequency.
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Fig. 2. Fourier spectra of Shubnikov—de Haas oscillations
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The simplest method for determining the quantum
mobility was proposed in [35], where it was shown that
the Fourier spectrum of the first harmonic of the
Shubnikov—de Haas oscillations follows the expres-
sion

1
[1/40; +(f = £)°1"
where p, is the quantum mobility, f'is the frequency,
and f; is the frequency of the Fourier-spectrum maxi-
mum. It follows from formula (4) that the Fourier-

peak width Af (full-width at half-maximum) can be
used to determine the quantum mobility [35],
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Fig. 5. (a) Electron Hall mobility py and quantum mobil-
ity p, as functions of the thallium concentration x for the
Bi, _ ,T1,Ses samples, and (b) the quantum hole mobil-
ity 4 as a function of the thallium concentration x for
Sb, _ T1,Te; samples.

The Fourier-peak widths Af for the Bi,Se; and
Bi, g6 Tl ¢4Se5; samples are shown in Figs. 4a (Af, and
Afy 04, TESpECtively); for Sb,yTes, Sb, ¢5T1 osTe; samples
(Afy and Af, s, respectively), they are shown in Fig. 4b.
The dependences of the quantum carrier mobilities on
the thallium concentration x, determined by for-
mula (5), are shown in Fig. 5 for the Bi, _ ,T1,Se; and
Sb, _ ,T1,Te; samples. Furthermore, Fig. 5a shows the
electron Hall mobilities for Bi, _ [Tl Se;.

Formula (4) was derived in the approximation of a
measurement temperature much lower than the Din-

gle temperature T, = (eﬁ/23‘tk,3)(1/m;k H,); therefore,
the last factor in formula (3), containing temperature,
is 1/2. For the samples under study, this condition is
satisfied, since the measuring temperature is 4.2 K; at
the cyclotron electron mass for n-Bi, _ [T1 Se; in the

lower band mf = 0.105 m, [36], the Dingle tempera-

SEMICONDUCTORS  Vol. 50 No.7 2016
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Fig. 6. Temperature dependences of the conductivity (on
the log scale) for (a) Bi, _ ,T1,Se; and (b) Sb, _ \T1,Te;
samples.

ture is from 22 to 60 K for samples with different thal-
lium contents. For p-Sb, _ [Tl Tes, the cyclotron mass

of light holes in the upper band is mf = 0.083m, [37],
and the Dingle temperature is 23—62 K for different
thallium concentrations.

Figure 5a also shows the electron Hall mobilities
for the Bi, _ Tl Se; samples. These samples contain
only one group of carriers; therefore, the Hall mobility
is equal to the transport mobility p, = (e/m*)t,. The
ratio of the transport mobility to the quantum mobility
is 3 for Bi,Se;, which, according to formulas (1)
and (2), indicates small-angle electron scattering in
this material. As the thallium concentration increases
to x = 0.04, this ratio decreases to 1.6; this means that
the nature of electron scattering in Bi, g6 Tl (4S€;
changes and scattering becomes more isotropic. In the
Sb, _ [Tl Te; samples, there are two occupied hole
bands [10, 37]; therefore, the Hall mobility is not
equal to the transport mobilities in each band.

SEMICONDUCTORS Vol.50 No.7 2016

Asseen in Table 1 and Fig. 6a, the Bi, _ [Tl Se; con-
ductivity changes insignificantly upon Tl doping,
while the Fermi energy (electron concentration) sig-
nificantly decreases. This indicates an increase in the
electron mobility.

Qualitatively, this can be understood when consid-
ering the probability of forming charged point defects
in this material and changes in their concentration
upon thallium doping. If Bi,Se; is grown under stoi-
chiometric conditions, a bismuth excess is formed
[38]. In this case, antisite defects, i.e., negatively and
positively charged bismuth atoms are formed at sele-

. . .1 .. . .
nium sites, Big,, and positively charged vacancies in

the selenium sublattice, Vszz [39], are formed. The
vacancy concentration is higher and the Bi, , s5¢;
crystals are n-type. Thallium atoms substitute Bi at
lattice sites, forming Tlg; defects. Thallium can form

uncharged neutral Tly; defects with a valence of +3. In
this case, no free carriers are formed. From the chem-
ical viewpoint, the state with +1 valence is more sta-
ble, i.e., Tl can capture two electrons from the con-
duction band and lower the electron concentration.
The nonlinear dependences of the electron concentra-
tion on the TI content [3] suggest that it is not a single
process. In thallium-doped crystals, the concentration
of charged Se vacancies can change, which also lowers
the electron concentration [19].

For Bi, _ ,T1 Se;, the electron-scattering parameter
changes insignificantly upon thallium doping [24, 25].
An increase in the electron mobility and a minor
change in r suggest that the number of charged point
defects decreases upon thallium doping. This is also
indicated by a decrease in the ratio of the transport-to-
quantum mobility from 3 to 1.6 upon thallium doping.

Thus, the decrease in charged point defects VS? pre-
vails over Tl; defect formation.

In undoped Sb,Te; samples, the carrier-scattering
parameter ris close to —1/2, which indicates preferen-
tial scattering at acoustic phonons [24, 25]. Thallium
doping results in an increase in », which indicates a
change in the scattering nature in favor of scattering at
ionized impurities [24, 25]. In Sb, _ [ T1Te,, the effect
of thallium doping on the above changes in the nature
of scattering is consistent with the conductivity change
upon doping, shown in Fig. 6b (see Table 2). Conduc-
tivity decreases significantly faster than the Fermi
energy (hole concentration). This is possible only if
the hole mobility decreases upon thallium doping.
The temperature dependence of the conductivity
becomes weaker, i.e., the contribution of scattering at
ionized impurities is added to the scattering.

Upon doping, thallium atoms substitute antimony
in the Sb,Te; crystal. Since they do not have a suffi-
cient number of electrons at the p level to form a
o bond, they donate two 6s electrons to the p orbital,
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and the s orbital remains unoccupied. Thus, the sub-
stitution of antimony with thallium results in the for-

mation of uncharged Tlg, defects. The formed Tlg,
defects do not contribute to the hole concentration;
however, since thallium has a lower electronegativity
in comparison with antimony, the bond between

defects and tellurium atoms, Tlg,—Te, is more polar,
than the Sb—Te bond. In other words, a positive

. . 1 . . .
charge arises in TI$,® point defects, which increases

the bond-ionization ratio. At these positive charges,
additional scattering does arise, which increases the
scattering parameter 7. The more polar bond results in

suppression of the formation of Sb}, antisite defects
(responsible for the high initial hole concentration)
which appear under conditions of an almost com-
pletely unpolarized bond in the lattice [20].

4. CONCLUSIONS

The Shubnikov—de Haas effect and the Hall effect in
n-Bi,_ ,T1.Se; (x=0,0.01,0.02,0.04) and p-Sb,_ Tl Te,
(x=0,0.005, 0.015, 0.05) single crystals were studied.
It was shown that thallium doping decreases the con-
centration of electrons in n-Bi, _ [T1.Se; and holes in
p-Sb, _ Tl Te;. The electron mobilities in #-Bi, _ [T1,Se;
increase and the hole mobilities in p-Sb,_ Tl Te,
decrease upon Tl doping. In the former case, the
increase in the electron mobility and the minor change
in r suggest that the number of charged point defects
decreases upon thallium doping. Thus, the decrease in

the number of Vstf charged point defects prevails over

Tl_Bi2 defect formation. In the case of p-Sb, _ [Tl Tes,
carrier scattering at charged point defects increases.
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