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Abstract Studies ofthe Seebeck coefficient and thermal conductivity of

Sb2-*Ag"Te3 single crystals (x = 0.0; 0.014; 0.018 and Ag-doped Sb2Te3 crystals have however not yet been done.

0.022) were prepared from the elements Sb, Ag, and Te of 5N In the present paper, samples of Sb2-oAgJe3 single crystals
purity by a modified Bridgman method. The obtained crystals are characterized by measurements of the temperature
were characterized by measurements of the temperature dependence of electrical resistance, Hall coefficient, Seebeck
dependence of the electrical resistivity, Hall coefficient, coeffrcient and thermal conductivity in the temperature range

Selbeck coefficient and thermal conductivity in the of 5-300 K, with the aim to investigate how these quantities

temperature range of 5-300 K. It was observed that with an are affected by incorporation of silver atoms into the crystal
inqeasing Ag content in the samples the electrical resistance, lattice ofSb2Te3.
the Hall coefficient and the Seebeck coefficient decrease. This
means that the incorporation of Ag atoms into the SbrTe3
crystal structure results in an increase in the concenfation of 2. Experim€ntal
holes in the doped crystals. The observed effect is explained The starting polycrystalline materials for growing the

by a model of defects in the crystals. Subffacting the single crystals were prepared from the elements Sb, Ag, and

elecfonic component of thermal conductivity from the total Te of 5N purity.
thermal conductivity we obtain the lattice thermal The starting polycrystalline materials were prepared from
conductivity r;. At low temperatuIes, KL has an approximate a mixture of Sb, Te, and Ag, corresponding to the
T2 dependence and the data up to 100 K can be fitted well stoichiometry Sbz-*Ag*Ter, in silica ampoules evacuated to a

assuming that phonons scatter on boundaries, point defects, pressure of 10-4 Pa. The synthesis was carried out in a
charge carriers, and other phonons. horizontal furnace at 1073 K for 48 h.

The single crystals were grown using the Bridgman

l. lntroduction 
method. A conical quartz ampoule, containing the synthesized

Antimony teuuride Sb2re3 beronss to the ravered-tvpe i:Y:?iii'ffrffi:T'i1;"Tli, 
tlf,li3 'i"-'l"Jl3i[i:?'iffi?

semiconductors with tetradymite structure (space group D]o), K for 24 hours. Then it was lowered into a temperature
which are used as materials for the construction of sradient of400 M cmatarate of 1.3 mm/h.
thermogenerators and solid-state coolers [l]. For the
application of Sb2Te3 in these devices it is necessary to
prepare single or polycrystalline materials with well defined
physical parameters (electrical and thermal conductivity,
mobility of free cuffent caffiers, thermoelectric power) which
can be modified by doping with suitable foreign atoms.
Therefore, an investigation ofthe effect ofvarious dopants on
the physical properties of Sb2Te3 is interesting both for basic
and applied research.

The influence of silver impurity atoms on physical
properties of SbzTe3 single crystals has been studied in several
papers [2-4]. The crystals Sbz-*Ag*Tq and Sb2AgJe3 were
characterized by the measurements of plasma resonance
frequency, electrical conductivity and Hall coefficient in
papers [2,3]. It was found that the hole concentration increases
with Ag-concentration for both crystal series. This effect was
ascribed to the formation of substitutional defectsl('. The

Hall coefficient, electrical resistivity, and Shubnikov - de Hass
effect were studied on Sb2Ag*Te3 crystals in paper [4]. Ag in
the Sb2Tq lattice was shown to be an acceptor. Measurements
of the Shubnikov-de Haas effect revealed that the
incorporation ofAg atoms has no effect on the energy spectra.

The obtained single crystals, 50 mm in length and 10 mm
in diameter, could be easily cleaved. Their trigonal axis (c-
axis) was always perpendicular to the pulling direction so that
the (0001) plane was parallel to the ampoule axis. The
orientation of the cleavage faces was carried out using the
Laue back-diffraction technique which confirmed that these
faces were always (0001).

To determine their physical properties, samples with
dimensions of l0x3x3 mm' were cut out from the middle
part of the single crystals. The concentration of silver in
these samples was determined by atomic emission
spectrometry (AES).

Seebeck coefficient (thermopower) and thermal
conductivity were determined using a longitudinal steady-state
technique in a cryostat equipped with a radiation shield.
Thermal gradients wete measured with the aid of fine
chromel-constantan thermocouples, and a miniature strain
gauge served as a heater. For the Seebeck probes we used fine
copper wires that have previously been calibrated, and their
thermopower contribution subtracted flom the measured
sample thermopower. The Hall effect and electrical
conductivity were studied using a Linear Research ac bridge
with 16 Hz excitation in a magnet cryostat capable offields up



o 0.06

to 5T. Measurements ofthese parameters were made over the
temperature range of 5-300K.

Table 1. Values ofthe transport parameters at T = 300
K for Sb"-,Ae"T
No. x Pr

tuQ/ml
RH(BI I c),
tcm3/cl

o(AT-Lc)
tuV/Kl

0 2 .12 0.071 79
2 0.014 1 . 5 0 0.028 5E

0 .018 l .4E 0.022 43
0.022 1.41 0 .019 J )

3. R€sults and discussion
The temperature dependences of Hall coefiicient Rg(Bllc),

Seebeck coefficient S(ATJ-c) and electrical resistivity p-rc are
presented in Figures 1-3. The values of these parameters at
T:300 K are summarized in Table l.

From the obtained results it can be seen that the
incorporation of Ag atoms into the Sb2Te3 crystal structure
leads to a decrease ofall investigated parameters. This implies
that Ag-doping of the Sb2Te3 crystal structue produces an
increase in the concentration of holes. This result agtees well
with the conclusions reported in papers [2-4].

In agreement with papers [2,3], an increase in the hole
concentration due to Ag doping can be explained by the
incorporation of Ag atoms into the Sb-sublattice, i.e. by the
substitution ofAg atoms for Sb atoms. The formation ofthese
substitutional defects can be described by the following

eouatlon

ZVj( +:Vi! +2Ag+3Te =2Ag(o +3Te,. +4h' ( l )

where Vj( and Vi. are vacancies in the antimony and

tellurium sublattice, respectively, Ter€ are Te atoms in the
Te-sublauice, and h'are holes. In Eq.l we suppose that every
2 incorporated Ag atoms are accompanied by 3 incorporated
Te atoms. This assumption was based upon the fact that
during the synthesis of tie doped crysials, the starting
composition corresponded to the formula Sb2-,Ag*Te3.

To quantiry the enhancement of the free carrier density
with the density of the incorporated Ag atoms in the crystal
sfucture of Sb2Te3, it is first necessary to determine the
concentration of free current carriers P. As the experimental
data presented in this paper do not allow us to obtain an exact
value of P, we have determined an approximate value of P
from the measured Hall coefficient Rg(Bllc) in the following

way: We used tle expression RH(Bllc) = y I!, where e is the
Pe

electron charge, T the structure factor, and rH the scattering
factor in the Hall constant. For v we have used the value of
0.74 given in the paper [5] and we assumed that the value of Y
does not change with the incorporation of Ag into the crystal
lattice of Sb2Te3. Moreover, we took the value of the
scattering factor rH to be close to unity, i.e. rs = l. The
approximate values of P, obtained in this way, are given in
Table 2.

Changes in the hole concentation were calculated as AP =
P - Pq (where Po is the concentration of holes in the undoped
Sb2Te3 crystal). The ratio ofthe change in hole concenfation
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Figure 1, Tempemture dependence of the Hall coefficient
R11(Bllc) of Sbz.,,AsJe3 single crystals.
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Figure 2. Temperature dependence of the Seebeck
coefficient S(ATIc) of Sbz-*AgJer single crystals.
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Figure 3. Temperature dependence of the electrical
resistivity prc of Sb2-*Ag*Te3 single crystals.
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Table 2. Free carrier concentration in Sb2-"Ag"Te3 single
crystals.

No.

U 0''cm''l
P

Ilorecm'3]
AP

Ilorecm'31

AP/c""

I 0 6.60
2 9 . 1 5 t o _ ) o o 1.08
3 I 1 . 5 0 21.0 t4.4 | .25
4 13.95 24.3 17.7 | .27

AP to the density of the incorporated Ag atoms, AP/c6r, gives
rise to an increase ol hole concentration per one Ag atom as
shown in the last column of Table 2. According to Eq.l,
AP/cAs values should be close to 2. From Table 2 it is evident
that one incoryorated Ag atom produces approximately I hole
only. This means that Ag displays a doping efficiency of
roughly 50%. A possible explanation of this fact is that Ag

the values of thermal conductivity in the entire temperature
region.

Total thermal conductivity K, in general, is the sum of two
components, K = KL + Ke where r" and KL are the electronic
and lattice thermal conductivity contributions, respectively.

The exact calculation of K€ is complicated by the likely
presence oftwo valence bands the parameters ofwhich are not
well established [4]. Therefore as an approximation for the
following discussion we will consider only one type of hole.
The electronic component of the thermal conductivity K€ was
calculated from the experimental values of resistivity p using
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Figure 5, Temperature dependence of the lattice thermal
conductivity rs of Sb2-,Ag*Te3 single crystals (open
symbols). The solid lines are fits to Eqs. 3 and 4, see text
below.

the Wiedemann-Franz relation rc" = LTlp, where L is the
Lorenz number and T is the absolute temperature.

The values of the electronic component of thermal
conductivity Ke were calculated under the assumption that
Sb2Te3 can be considered a degenerate semiconductor. To
calculate rc" fiom the experimental data of electrical resistivity
we have used a constant value ofthe Lorenz number L = Lo
= n'13 (kule)', the so-called Sommerfeld value. Substracting
K" from the total thermal conductivify we obtain the lattice
component KL. The calculated temperature dependences of rc1
are presented in Figure 5.

According to the discussion presented in [7], the
approximation used in the calculation of r. of Sb2Te3 crystals
is plausible for temperatures under 100K. Therefore, in Fig.5
KL is given for the temperature range of5-100 K.

From this figure we can see that Ag-doping of the Sb2Te3
crystal structure results in a decrease in the lattice component
of the thermal conductivity. Temperature dependences of r;
have been fitted within the Debye approximation using the
following expression [8]:

L  I  L  T \ 3  e D ' " f  
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Figure 4. Temperature dependence of the thermal
conductivity K of Sbr-*Ag"Te3 single crystals.

atoms interact with native defects of Sb2Te3. It is well known
[6] that dominant defects in Sb2Te3 are antisite defects Sb1./.
This interaction can be described by the following equation

(Sb/ f t  +  h ' )  + 2(2%b +3Vr. )+2Ag+3Te= 
1r \

2Sb,o + 2Agjo + 3Te," +5Vii + 6e/

According to [3] the lower doping efficiency relates to the fact
that some Ag atoms form four-layer lamellae [Ag6.5Sb6 5]-Te-
[Age 5Sbe 5]-Te, which corresponds to the AgSbTez structure.
ln this structure the crystal planes of the cation sublattice are
occupied randomly with Sb and Ag atoms. Even the presence
of Ag atoms at interstitial positions can not be excluded. We
note that Agi are supposed to be present in isostructural
BirTe3 [3].

Temperature dependence of the total thermal conductivity
rc is given in Fig. 4.

The values of r for Sb2Te3 increase as the temperature
decreases and a peak develops at a temperature near 13 K.
Below the peak. K decreases with an approximate T2
dependence. It is evident that the incorporation of Ag atoms
into the Sb2Te3 crystal structure results in the suppression of
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where t6 is the Boltzmann constant, i is the reduced Planck
consiant, / stands for dimensionless parameter y : hco/k67, a
is the phonon frequency, 02 is Debye temperature, v is the
velocity of sound, and zc is phonon relaxation time. This
relaxation time can be written in terms ofindividual scattering
times accounting for various scattering processes as

tc

Here d is the crystal dimension (d: 2mm here for the smallest
one) and the coefficients A, B, and C are temperature
independent fitting parameters. The terms in Eq.4 stand for
boundary, point-defect, three-phonon umklapp, and carrier-
phonon scattering, respectively. The first three terms account
for phonon scattering in dielecfic crystals. The fourth term
represents relaxation time for scattering of phonons by free
carriers in a parabolic band.

To make use of Eqs.3 and 4, one needs the Debye
temperature 0p. In fact, this temperature is strictly not a
constant but is temperatue dependent. While dpf) is known
for Bi2Te3 [9,10], the conesponding temperature dependence
for Sb2Te3 is not available. We make an assumption that,
while different in magnitude, the 9pQ) of both Bi2Tq and
Sb2Tq are similar. Accordingly, the temperature dependence
of da@i:Tq) was shifted to fit the value of 02(Sb2Te3) =
l60K at T=80K. This dependence was fitted and expressed
by means oftwo polynomials

aD (T=2-8K) = 107.617+ l.29lT-0.008T'�
dn (T=8- l00K)=91 .258+3. | 88-0.064T'+5.895e-4Tr-

-2.008e-6Ta
which, in turn, were used in fitting Eqs.3 and 4. The sound
velocity was estimated in Ref. ? to be v = 2900 m.s't. The
results ofthe fit are summarized in Table 3 and in Fig. 5.

Upon inspecting fitting parameters in Table 3, it is evident
that the primary influence of silver on the lattice thermal
conductivity arises via ihe large increase in the point defect
scattering parameter ,4 . It can be written as I I I ]

where O is the unit cell volume (for SbrTe3 O:0.161 nm3), f
is the scattering parameter which for a compound ,4."B6 can be
written as [2]

/ . .  \ , 1  -  / - -  \ 2

r {e .e . )= o lM" l r (e . l *  b  I4q l r re) ,  t7)'  "  a + b \ M " )  a + b l M , )  '  '

wherc M, is the mean atomic mass of atoms forming the
compound, M,-(aM"+bM6)/(a+r). f(A,B) is the scattering
parameter ofthe substitutional impurity at the respective site ,

f(A.B) = d(|-d)[(A,V M*), + e(A&6"A, / (8)

where a is the relative concentration of impurity at the
respective site (a: x/2 in this case), AM: Mi- M(A,B) is the
atomic mass difference between the impurity and an atom
normally associated with that lattice site, /6 : 4 -6 is the
difference in radii between the impurity and tlte atom
normally associated with that lattice sil€, M-" and d* are the

Table 3. Fitting paxameters for theoretical analysis of
lattice thermal conductivity of Sbz-* AgJer single crystals

Tsbl€ 4. Values of the parameter e and the ratio R of
Sbr-.AgJe3 single crystals resulting from the analysis of

r' for details.

weighted averages of mass and radius at that lattice site,
respectively, and d is the phenomenological parameter. The
first term ofEq.8 accounts for mass fluctuation and the second
term accounts for atomic radius fluctuations. i.e.. elastic strain.

The exact radii of Sb and Ag in Sb2Tq are unknown. The
average distance between Sb and Te in the compound (0.31 I
nm) would rather support an ionic crystal picture
(r{Sb+)+rce+) : 0 .90 + 2.07 nm), than a covalent one (r(Sb)
+ {Te) = 1.37 + 1.36 nm). To keep the things consistent we
use for all elements the ionic crystal values and / (Ag'') =
1.29 nn n3l.

The calculated values of the e Darameter and the ratio
R:c(A&6*)'�/(AM/M-"J2 are summarized in Table 4. The
actual concentration (AES-value) was used for an evaluation.
Increasing values of both € and R may suggest the presence of
more than one type (,tg(b ) of defect which dominate at
different temperatures. Another possible explanation is the
interaction of ag(o with native defects. As there is no direct
evidence which one of the Ag-defects is dominant, (also the
above discussion oftransport data is ambiguous) the situation
becomes very complex and any further discussion is likely
pointless. We observe little change in both parameters B and
C, which means that umklapp and electron-phonon
interactions are not influenced by the incorporation of Ag in
the SbzTe3 matrix.

Suitability of materials for thermoelectric applications is
usually judged by the thermoelectric figure of merit Z =
oo2lr, where o=l/p is the electric conductivity, o is the
Seebeck coefficient and r is the total thermal conductivity.
Temperature dependence of Z for the Sbz-*AgJe: crystals is
given in Fig. 6.

It is evident that Ag-doping of Sb2Te3 crystals leads to a
decrease in the value of their figure of merit. In spite of the
fact that the free carrier concenfation of the samDles is not
optimized we can conclude that Ag-doping in Sb2Te3 crystals
is unlikely to improve the parameters decisive for
thermoelectric applications. Inspecting the transport data it is
clear that upon Ag-doping the free carrier mobility decreases.

=L  +  Ao to  *  g r ' r " *o (  -%\ *c r .  @)
d  ' \  3 r )

_ o f
-- 

4nv3
(6)

as theY refer to 4 and 5.
No. x (actual) I ( l0'"s') B (10 ' ' 's .K- ' ) c (10-)

0 9.6 27 0.82
2 0 .014 3 l 27 1 . 2
3 0 .018 97 t . l

0.022 140 20 1 . 0

see lext

No. x (actual) n
2 0.014 1 8 3 r70
3 0.018 192 440
4 0.022 2tl 500
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Figur€ 6, Temperature dependence ofthe figure of merit z
of Sbr-.1arg*Te3 single crystals.

On the other hand, we note that doping of tetradymite-type
crystals like Sb2Te3 and Bi2Te3 with transition metals can
result in the preparation of novel materials with interesting
magnetic properties. For example, Sb2-*V*Te3 crystals have
recently been shown to display properties characteristic ofthe
diluted magnetic semiconductors u4l.

Conclusions
From the results of the measurements of transport

coefficients of Sbr-"Ag*Te3 crystals we have come to the
following conclusions:

1. Doping of Sb2Te3 crystals by Ag-atoms results in an
increase in the hole concentration. We assume that this effect
is due to the incorporation of Ag atoms into the Sb-sublattice
and the formation of negatively charged substitutional defects
ofAg(6 .

2. Lattice thermal conductivity can be fitted well assuming
that phonons scatter on boundaries, point defects, charge
carriers, and other phonons within the Debye approximation.
Incorporation of Ag-atoms into Sb2Tq crystal lattice affects
primarily point defect scattering.

3. Doping Sb2Te3 crystals by Ag-atoms decreases the
value of the figure of merit Z, primarily because their carrier
mobility is much depressed. Thus, silver is not an effective
dopant of thermoelectric materials based on the tetradymite
ope stmcture.
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