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ABSTRACT: Effects of Ag doping and thermal annealing
temperature on thermoelectric transport properties of
Bi2(Se,Te)3 compounds are investigated. On the basis of the
comprehensive analysis of carrier concentration, Hall mobility,
and lattice parameter, we identified two Ag-related interstitial
(Agi) and substitutional (AgBi) defects that modulate in different
ways the thermoelectric properties of Ag-doped Bi2(Se,Te)3
compounds. When Ag content is less than 0.5 wt %, Agi plays
an important role in stabilizing crystal structure and suppressing
the formation of donor-like Te vacancy (VTe) defects, leading to
the decrease in carrier concentration with increasing Ag content.
For the heavily doped Bi2(Se,Te)3 compounds (>0.5 wt % Ag),
the increasing concentration of AgBi is held responsible for the increase of electron concentration because formation of AgBi
defects is accompanied by annihilation of hole carriers. The analysis of Seebeck coefficients and temperature-dependent electrical
properties suggests that electrons in Ag-doped Bi2(Se,Te)3 compounds are subject to a mixed mode of impurity scattering and
lattice scattering. A 10% enhancement of thermoelectric figure-of-merit at room temperature was achieved for 1 wt % Ag-doped
Bi2(Se,Te)3 as compared to pristine Bi2(Se,Te)3.

■ INTRODUCTION

Thermoelectric materials that enable direct conversion between
heat and electricity are highly suitable for some unique
applications such as waste heat recovery and precise temper-
ature control.1,2 To evaluate the performance of thermoelectric
materials, a dimensionless parameter, so-called thermoelectric
figure-of-merit, has been used and defined as ZT = S2T/ρκ,
where S, ρ, κ, and T are Seebeck coefficient, electrical resistivity,
thermal conductivity, and absolute temperature, respectively.
Bismuth telluride-based compounds are the most well-known
thermoelectric materials used in low-temperature cooling and
generation devices. They possess a rhombohedral crystal
structure with space group R3 ̅m, which is usually described
by a hexagonal cell with 15 atomic layers stacking in the
direction of c-axis, as shown below.
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Note that Te(1) and Te(2) are nonequivalent Te lattice sites.
The Te(1) atoms are weakly bonded to the neighboring Te(1)

layer by a van der Waals force. Such a low-symmetry structure
gives rise to highly anisotropic electrical and thermal transport
properties.3 Therefore, ZT maximization can be achieved by
tailoring crystallographic texture of Bi−Te-based com-
pounds.4−7 Aside from texture engineering, manipulation of
lattice-point defects is also essential for ZT improvement

because these defects normally act as donors or acceptors of
free electrons. For example, antisite defect (BiTe) and Bi
vacancy (VBi) are acceptor-like defects, while TeBi and VTe are
donor-like defects. Individual concentration of these defects will
be modulated to different degrees by the mechanical process
and thermal treatment applied. Generally, BiTe is the dominant
point defect in stoichiometric Bi2Te3 due to its low formation
energy.8−10 If Bi2Te3 is prepared by powder metallurgy, milling-
induced fracture tends to occur along the basal plane between
two Te(1) layers.11−13 Hence, Te atoms with dangling bonds
may escape more easily and leave vacancies behind, leading to
an increase in VTe concentration. In the subsequent pressing
process the concentration of vacancy defects will be changed by
dislocation gliding activity. The basal gliding has a major impact
on VTe defects, while the nonbasal one influences both VTe and
VBi with a concentration ratio of [VTe]/[VBi] equal to 3/2.14

The dislocation-mediated vacancy annihilation mechanism has
been successfully adapted to explain the change of carrier
concentration for the Bi−Te compounds subject to plastic
deformation and postannealing.14,15 Once the vacancy
concentration is oversaturated, the excess VTe defects will be
eliminated during thermal annealing due to their high mobility
along basal planes and dislocation cores.16
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Among various Bi−Te-based compounds, (Bi,Sb)2Te3 and
Bi2(Se,Te)3 are two representative P-type and N-type semi-
conductors used in commercial thermoelectric devices. For
Bi2(Se,Te)3, Se addition would increase the probability of
forming VTe defects because Se atoms tend to occupy Te(2)

sites and evaporate readily due to their low evaporation energy
of ∼37.7 kJ/mol.17 Control of VTe concentration undoubtedly
becomes an important task to optimize the thermoelectric
properties of Bi2(Se,Te)3.

18,19 N-type Bi2(Se,Te)3 usually has
inferior thermoelectric performance to P-type (Bi,Sb)2Te3
prepared by powder metallurgy.7 Hu et al. have demonstrated
that a repetitive hot deformation process can lead to a nearly
75% improvement in ZT value from 0.57 to 1 for Bi2(Se,Te)3
via crystallographic texture engineering.20 Moreover, since re-
evaporation of Te and Se elements is an important source of
VTe defects, a small compositional fluctuation would cause a
large variation in carrier concentration for Bi2(Se,Te)3.

17

Halogen doping is an effective solution to the Te(Se) re-
evaporation issue because halogens may take the Te sites and
get ionized easily at room temperature.21−23 An appropriate
halogen doping can stabilize the crystal structure and minimize
the batch-to-batch variation in electronic properties of
Bi2(Se,Te)3. Group IB elements such as Ag and Cu are also
common doping elements in Bi−Te-based compounds.
Naravtil et al. have reported that Te(1) atoms in Bi2Te3 have
a high negative charge and result in a strong repulsive force
according to their theoretical computations.24 Ag and Cu
preferentially occupy the interstitial sites at the van der Waals
gap between Te(1) layers by forming Agi defects.

24,25 Liu et al.
have also suggested that the presence of Cu interstitials, Cui,
improves the sample-to-sample variation in electronic proper-
ties of Bi2Te2.7Se0.3 by suppressing VTe formation.17 However,
the available interstitial sites at the van der Waals gap are
limited, and excess Ag and Cu dopants may take Bi
substitutional sites by forming AgBi and CuBi substitutional
defects.26,27 In summary, the combination of all vacancies and
substitutional and interstitial defects have, without question, a
rather complicated influence on thermoelectric properties of
Ag-doped Bi2(Se,Te)3. However, we still lack a systematic study
on the roles of various Ag-related lattice defects in Bi2(Se,Te)3.
This study intends to investigate the electronic characteristics
of Ag-related lattice defects and their influence on thermo-
electric properties of Bi2(Se,Te)3 as functions of Ag doping
content and thermal annealing temperature.

■ EXPERIMENTAL SECTION
N-type Bi2(Se,Te)3 compounds with various amounts of Ag were
prepared by powder metallurgy followed by thermal annealing at
different temperatures. First, pure Bi, Se, and Te elements with a
stoichiometric composition of Bi2Se0.45Te2.55 were melted in a quartz
tube that was maintained at 860 °C. The solidified ingot was purified
by a conventional zone-melting process at 740 °C with a rate of 12.5
mm/h. The purified Bi2(Se,Te)3 ingot was crushed into small chunks
(<150 μm in particle size) and mixed with lab-grade Ag powders of
∼100 nm in size (99.9 wt %, CERAMET) for subsequent milling
process. The mixture with different Ag contents (0, 0.2, 0.5, 1.0, and
3.0 wt %) was ground into fine powders (<2 μm) using a planetary ball
miller (Retch, PM-100) at a speed of 300 rpm for 24 h. Next, the
ground powders were pressed into a disk-shaped specimen (ϕ = 12.76
mm; thickness = 1 mm) under a pressure of 600 MPa at room
temperature for 5 min. Finally, the cold-pressed specimens were
thermally annealed at 250 and 350 °C for 2 h, respectively, under a
vacuum pressure of ∼1 × 10−3 Torr.
Crystallographic structure and morphology of the pressed and

annealed specimens were examined by an X-ray diffractometer (XRD,

Shimadzu, LabX XRD-6000) with a Cu Kα line source and a scanning
electron microscopy (SEM, Hitachi, SU8010). Seebeck measurements
were performed at room temperature using a typical temperature-
gradient approach.28 The specimen was fixed on a homemade sample
holder with a heater at one end to establish a small temperature
gradient along the specimen. Both the temperature difference and the
voltage across the specimen under a temperature gradient were
measured using two T-type thermocouples in contact to the specimen.
The Seebeck coefficient was then determined from the slope of the
measured Seebeck voltage versus the temperature difference across the
specimen. Electrical resistivity, carrier concentration, and carrier
mobility were measured in the temperature range of 80−300 K
using two different Hall effect measurement systems (ECOPIA, HMS-
3000, and HMS-5000). Thermal diffusivity and mass density were
measured at room temperature by a laser flash technique (NETZSCH,
LFA 457) and an Archimedes method, respectively. The cold-pressed
Bi2(Se,Te)3 specimens have a relative mass density of ∼90% of
theoretical value, and no significant densification is observed after a
pressureless sintering process. Heat capacity was measured by a
differential scanning calorimetry analyzer (NETZSCH, DSC 200
F3Maia). The thermal conductivity of the specimens was then
determined from the equation κ = ρd·Cp·D, where D, ρd ,and Cp are
thermal diffusivity, mass density, and heat capacity, respectively.

■ RESULTS AND DISCUSSION

Compositional deviation and degradation of electronic proper-
ties are rather common scenarios for Bi2(Se,Te)3 compounds
after high-temperature treatments due to re-evaporation of
volatile constituents Se and Te. Microstructure and electronic
properties of Bi2(Se,Te)3 compounds are easily dictated by the
mechanical process and thermal treatment applied. Adding
minute Ag element in Bi2(Se,Te)3 not only adjusts its
thermoelectric properties but also raises its structural and
electronic stability.17,29 Before addressing the interactions
between Ag and lattice defects in Bi2(Se,Te)3, we examined
the crystallographic structure and electronic characteristics of
Bi2(Se,Te)3 compounds to establish a reference for the Ag-
doped Bi2(Se,Te)3 materials studied. Figure 1 shows the cross-
sectional SEM images of as-pressed and thermally treated
Bi2(Se,Te)3 specimens. The thermal annealings were performed
at 250 and 350 °C for 2 h, respectively. The as-pressed sample
shows a granular morphology with rough surfaces and blunt
edges, which is apparently inherited from the powder
morphology of milled Bi2(Se,Te)3. The granular structure has
a feature size of 0.1−3 μm that is similar to the size of milled
powders. It implies that the Bi2(Se,Te)3 powders were
physically contacted only after cold-press operation. If the
specimen was annealed at 250 °C, a few flatly cleaved surfaces
as well as round-shaped granular structures are observed in the
magnified SEM image of fractured surface of Bi2(Se,Te)3, as
shown in the marked regions in Figure 1b. By increasing the
annealing temperature to 350 °C, the specimen reveals a
distinct fractural morphology with acute fragments and flatly
cleaved surfaces. Generally, a large and flatly cleaved surface is
only observed in zone-melted bismuth telluride compounds
because fracture occurs preferentially along the crystallographic
basal planes that are weakly bonded by van der Waals
forces.11−13 The observed fractural morphology suggests that
the loosely joined Bi2(Se,Te)3 powders become chemically
bonded after high-temperature annealing process. In addition
to fractural morphology, some microstructural and crystallo-
graphic details of the as-pressed and annealed Bi2(Se,Te)3
specimens are further revealed by XRD analysis, as shown in
Figure 2. The full width half maxima (fwhm) of major
reflections appear to decrease with the increase of annealing
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temperature. Since Bi2(Se,Te)3 powders were subject to
repeated fracture and mechanical deformation during milling
and pressing processes, some residual strain and abundant
electrically nonactive or active lattice defects would be
introduced in the as-pressed Bi2(Se,Te)3 specimens. The
diminishing fwhm is likely to be associated with the strain
relaxation, and grain coalescence phenomena occurred in
annealed Bi2(Se,Te)3 specimens.
Thermal annealing not only causes microstructural evolution

but also changes concentrations of various lattice defects and, in
turn, electrical transport properties of Bi2(Se,Te)3 compounds.
Figure 3 shows the variation of carrier concentration and
mobility of as-pressed Bi2(Se,Te)3 specimens against annealing
temperature. The as-pressed sample possesses a carrier
concentration of 6.1 × 1019 cm−3 and an extremely low carrier
mobility (∼10 cm2/(V s)). Such a high carrier concentration is

presumably attributed to abundant donor-like VTe defects
generated during high-energy milling process. After annealed at
250 °C, the Bi2(Se,Te)3 specimen has a carrier concentration
reduced to 3.3 × 1019 cm−3 and a slightly increased mobility of
24 cm2/(V s). Strain recovery and defect elimination are
believed to be held responsible for the change of electrical
properties measured. It has been suggested that a climbing or
gliding process may drive a dislocation to end on the Te(1) layer
in bismuth telluride for minimization of free energy.14,30 The
dislocation climbing process toward low-energy Te(1) planes is
accompanied by annihilation of donor-like VTe defects that
were generated abundantly during milling and pressing
processes. Thus, the carrier concentration of Bi2(Se,Te)3
decreased after annealing at 250 °C. By increasing the
annealing temperature to 350 °C, grain growth and surface
sintering enable the annihilation of both VBi and VTe defects
through migration of grain boundaries and free surfaces. Since
VBi is a triple-acceptor defect, the elimination of VBi would raise
the electron concentration of Bi2(Se,Te)3 compounds. It
explains why the carrier concentration of Bi2(Se,Te)3 is
reduced after annealing at 250 °C and increased to 5.2 ×
1019 cm−3 after annealing at 350 °C, as shown in Figure 3.
However, the carrier mobility remains the increasing trend with
annealing temperature because both VTe and VBi are eliminated
more easily at high temperature. It is worth mentioning that not
only vacancy annihilation but also antisite defect formation may
occur in the Bi−Te-based compounds during high-temperature
annealing. For example, excess Bi atoms may combine with VTe

Figure 1. Cross-sectional SEM images of as-pressed and thermally
annealed Bi2(Se,Te)3 specimens. (a) As-pressed. (b) Annealed at 250
°C. (c) Annealed at 350 °C.

Figure 2. XRD patterns of as-pressed and thermally annealed
Bi2(Se,Te)3 specimens. (a) As-pressed. (b) Annealed at 250 °C. (c)
Annealed at 350 °C.

Figure 3. Variation of carrier concentration and mobility of nondoped
Bi2(Se,Te)3 as a function of annealing temperature.
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by forming BiTe defects. To study the influence of Ag doping on
thermoelectric properties of Bi2(Se,Te)3, a thorough under-
standing of how Ag atoms interact with different lattice defects
becomes essential.
Figure 4 shows the carrier concentrations of Bi2(Se,Te)3

samples with different Ag addition after annealing at 250 and

350 °C for 2 h, respectively. The lightly doped samples (<0.5
wt % Ag) show decreasing carrier concentration with the
increase of Ag content, while the heavily doped ones (>0.5 wt
% Ag) reveal the opposite trend. The Ag-doped samples
annealed at 350 °C obviously have slightly lower carrier
concentrations than those annealed at 250 °C. It is worth
mentioning that no diffraction peaks associated with any Ag-
related heterogeneous phases were found in both lightly and
heavily doped samples according to XRD analysis. Although
very few Ag−Te precipitates of several micrometers in size were
barely observed from the elemental mapping results (Support-
ing Information Figure S1), the influence of precipitates on
carrier concentration is presumably small because these
precipitates form scarcely and locally in Ag-doped Bi2(Se,Te)3.
Thus, the observed changes of carrier concentration should be
mainly attributed to the variations of lattice defect concen-
trations. Several defect mechanisms have been proposed to
explain how Ag doping influences carrier concentration of Bi−
Te-based compounds. One prevailing mechanism is that Ag
atoms occupy the interstitial sites between Te(1) layers and
provide free electrons.24,25 However, the mechanism is
contradictory to our measurement that the carrier concen-
tration decreases with Ag addition in the range from 0 to 0.5 wt
%. It has been suggested that the interstitial ions in the van der
Waals gap may improve the mechanical properties of Bi−Te-
based compounds by suppressing the formation of VTe, as
reported for Cu-doped Bi−Te compounds.17 Following the
above idea, if the presence of Agi raises the formation energy of
VTe, it would reduce the equilibrium concentration of VTe and,
in turn, the carrier concentration of the Ag-doped Bi2(Se,Te)3.
The proposed interaction between Ag interstitial and VTe is
described below

+ + → +•• − • −x xAg V 2 e Ag eis Te (1)

where Ags stands for nonactivated Ag atoms residing at defect
sources/sinks such as dislocations, grain boundaries, and
interfaces. The coefficient “x” reflects how efficiently VTe is

suppressed by Agi. The higher the x value, the lower the
equilibrium VTe concentration. If x > 0.5, the number of free
electrons annihilated is larger than that provided by Agi.
Therefore, the carrier concentration decreases with increasing
Ag addition for the lightly doped samples. However, the
available interstitial sites in bismuth telluride are limited.26,27 A
further increase in Ag concentration would either remain at
defect sources/sinks or form another type of lattice defect. It is
speculated that Ag may combine with VBi by forming AgBi
substitutional defects as described below.

+ ‴ + → ″+Ag V h AgS Bi Bi (2)

The net effect of forming an AgBi defect would be the removal
of a hole carrier, resulting in the increase of carrier
concentration (electrons). It explains why the carrier
concentration increases with Ag addition for the heavily
doped samples, as shown in Figure 4. It is worth mentioning
that the solubility limit of Agi in bismuth telluride may increase
at high temperature. Therefore, an increased Agi concentration
would further suppress VTe formation and give rise to a lower
carrier concentration, as shown in Figure 4.
The aforementioned lattice defects may change not only

carrier concentrations but also lattice parameters of Bi2(Se,Te)3
compounds. The presence of Agi is expected to enlarge c-axis
lattice parameter,17 while that of AgBi diminishes both a- and c-
axis lattice parameters of Ag-doped Bi2(Se,Te)3 compounds
due to distinct atomic sizes of Ag and Bi elements.25 A careful
analysis of XRD results may also shed light on the dominant
defect type in the Ag-doped Bi2(Se,Te)3 compounds. The
lattice constants a and c are calculated from the reflections of (0
0 6), (0 0 15), (0 1 5), (1 1 0), (1 0 10), (2 0 5) in the XRD
patterns. Each lattice constant is obtained from one or two
peaks, and the quality of data is evaluated by calculating the
deviations from the mean value. The same calculation has been
applied on the referenced Bi−Se−Te compounds (JCPDF Nos.
51−0643 and 50−0954). The deviation of lattice constants
calculated for the Ag-doped Bi2(Se,Te)3 compounds studied is
comparable to that of the referenced Bi−Se−Te compounds.
Figure 5 shows the a- and c-axis lattice parameters against Ag
content for the Ag-doped Bi2(Se,Te)3 compounds after
annealing at 350 °C for 2 h. The a- and c-axes lattice
parameters of Bi2Se0.5Te2.5 compounds (JCPDF No. 51−0643)
are also marked by dash lines for comparison. Basically, the a-
axis lattice parameter of annealed Bi2(Se,Te)3 samples does not

Figure 4. Carrier concentrations of Bi2(Se,Te)3 compounds with
different Ag content and annealing temperatures.

Figure 5. Variations of a- and c-axes lattice parameters of Ag-doped
Bi2(Se,Te)3 annealed at 350 °C as a function of Ag addition.
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change significantly with the degree of Ag addition. However,
the c-axis lattice parameter appears to increase with the increase
of Ag content (0−1 wt %) and decreases with further increase
in Ag content (3 wt % Ag). The increasing c-axis lattice
parameter is presumably attributed to the increasing concen-
tration of Agi in the Ag-doped samples (<1 wt % Ag). The
trend indeed agrees with our hypothesis that the decrease of
carrier concentration is caused by the increase of Agi
concentration described in the previous section. It is worth
mentioning that the x value in eq 1 may change with VTe
concentration. When VTe concentration is high (x > 0.5), the
formation of Agi is accompanied by the annihilation of VTe and
free electrons. The carrier concentration is expected to decrease
with the increase of Agi concentration. Nevertheless, if VTe has
been eliminated to a low level, the annihilation efficiency of VTe
may decrease; that is, x < 0.5. Thus, the increasing Agi
concentration may raise the carrier concentration of Ag-
doped Bi2(Se,Te)3. It explains why the minimal carrier
concentration is found at the lower Ag content (0.5 wt %),
while the maximum c-axis lattice parameter is located at the
higher Ag content (1 wt %). However, with further increase in
Ag content (3 wt % Ag), the concentration of Agi reaches the
limit of solubility, and some Ag atoms may combine with VBi by
forming AgBi substitutional defects that would diminish c-axis
lattice parameter and raise carrier (electrons) concentration.
Ag-related lattice defects not only affect carrier concentration

but also modulate electrical and thermal transport character-
istics of Bi2(Se,Te)3 compounds. Figure 6 shows the carrier
mobility, carrier concentration, and electrical resistivity of Ag-
doped Bi2(Se,Te)3 compounds measured at the temperature
(T) from 80 to 300 K. Note that the temperature dependence
of carrier mobility is strongly correlated with scattering
mechanism. Theoretically, the carrier mobility is proportional
to T−3/2 for acoustic phonon scattering and T3/2 for ionized
impurity scattering. If more than one scattering mechanism is
involved, the effective carrier mobility (μeff) can be expressed as

μ μ μ
= + + ···1 1 1

eff lattice impurity (3)

where μlattice and μimpurity stand for the carrier mobility with the
dominant scattering sources to be lattice phonon and ionized
impurity, respectively.31 For the Ag-doped Bi2(Se,Te)3 speci-
mens, the parameter n describing the temperature dependence
of carrier mobility μ ∝ Tn is found to change from −0.68 to
−0.41 when the Ag content increases from 0.2 to 3.0 wt %.
Obviously, the Ag-doped Bi2(Se,Te)3 samples have a mixed
scattering mode with the n value ranging between −3/2 to 3/2
(n = −3/2: lattice scattering, n = 3/2: ionized impurity
scattering). A less negative n value implies a more significant
impurity scattering in the system. The mobility trend indeed
agrees with our hypothesis that the concentration of Ag-
induced defects increases with the increasing Ag content in the
Bi2(Se,Te)3 specimens. Since the ionization energies of Agi and
AgBi are small in Bi−Te-based compounds,25,26 all lattice
defects have become ionized at the temperature above 80 K,
and hence the carrier concentration does not change
significantly with temperature for the Ag-doped Bi2(Se,Te)3
specimens (Figure 6b). The increasing trend of electrical
resistivity is mainly associated with the decreasing trend of
carrier mobility with increasing temperature for the Ag-doped
Bi2(Se,Te)3 specimens (Figure 6c).

According to classical Boltzmann transport theory, the carrier
concentration and Seebeck coefficient of thermoelectric
materials are expressed as32

∫π
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where meff, f(E), and EF are effective mass, Fermi−Dirac
distribution function, and Fermi level, respectively. The
scattering parameter r describes the energy dependence of
the carrier relaxation time τ = τ0E

r (r = −1/2: lattice scattering;
r = 0: neutral impurity scattering; r = 3/2: ionized impurity
scattering).33 By assuming an approximate single-band model,
the effective mass meff = 0.8 is chosen based on the fitting
results of measured transport properties to eqs 4 and 5. Figure
7 shows the variation of Seebeck coefficient against carrier
concentration for the Bi2(Se,Te)3 specimens measured at room
temperature. The theoretical lines are calculated with different r

Figure 6. Temperature-dependent electrical transport properties of
Ag-doped Bi2(Se,Te)3 with various Ag content. (a) Carrier mobility.
(b) Carrier concentration. (c) Electrical resistivity.
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values that reflect specific scattering mechanism. The
experimental data are mainly located between the theoretical
predictions with r = −1/2 and r = 0. It suggests that the carriers
are scattered by both phonons and impurities at room
temperature in the Bi2(Se,Te)3 samples studied. It is
interestingly noted that the data of Ag-doped specimens are
closer to the r = −1/2 prediction because great portions of VTe
and VBi defects are annihilated at elevated temperatures with
the presence of Ag dopants in Bi2(Se,Te)3. However, the data
of intrinsic Bi2(Se,Te)3 appear to deviate slightly toward the r =
0 prediction since more residual vacancy defects become active
scattering sources for charge carriers. Generally, the Ag-doped
Bi2(Se,Te)3 specimens have a larger Seebeck coefficient and
lower carrier concentration than the intrinsic Bi2(Se,Te)3
specimens.
Besides electrical transport properties, thermal conductivity

of Ag-doped Bi2(Se,Te)3 compounds is also affected by the
electrical conductivity and lattice distortion caused by Ag-
induced lattice defects. Figure 8 shows the electronic thermal

conductivity (κe), lattice thermal conductivity (κL), and total
thermal conductivity (κtot) of the Ag-doped Bi2(Se,Te)3
compounds annealed at 350 °C as a function of Ag addition.
The electronic thermal conductivity was calculated from the
measured electrical conductivity according to the Wiedmann−
Franz relation κe = LσT, with L = 1.6 × 10−8 WΩ/K2

determined from the measured transport properties. A
significant decrease in κe in the lightly doped specimens
(<0.5 wt % Ag) is believed to be associated with the decrease of
carrier concentration resulting from formation of Agi defects.
With further increase in Ag content, no marked change in κe

was observed because carrier concentration and, in turn,
electrical conductivity do not change notably in this doping
range. However, the increasing degree of lattice distortion
caused by Ag-induced lattice defects would lead to a decrease in
κL, especially for the heavily doped specimens (>0.5 wt % Ag).
In summary, the Ag-doped Bi2(Se,Te)3 has a higher Seebeck

coefficient, a larger electrical resistivity, and a lower thermal
conductivity than the pristine Bi2(Se,Te)3 studied. An
approximate 10% enhancement of ZT value from 0.30 to
0.34 at room temperature was achieved for the 1 wt % Ag-
doped Bi2(Se,Te)3. The Bi2(Se,Te)3 samples do not have very
attractive ZT values due mainly to their low mass density
(∼90% of theoretical value) and, in turn, high electrical
resistivity. The relative density of Bi2(Se,Te)3 indeed can be
improved to 99% easily by a hot-press method. The
understanding obtained regarding Ag-related lattice defects in
bismuth telluride shall facilitate the development of quality
thermoelectrics by tweaking defect concentration and carrier
scattering mechanism through appropriate doping process.

■ CONCLUSIONS

In this study the interactions between Ag and various lattice
defects in Bi2(Se,Te)3 compounds are systematically inves-
tigated. It is found that interstitial Agi and substitutional AgBi
are two major types of lattice defects that modulate the
electrical and thermal transport properties of Ag-doped
Bi2(Se,Te)3 compounds. The presence of Agi defects reduces
the equilibrium concentration of VTe defects and leads to a
decreased carrier concentration with increasing Ag content in
Bi2(Se,Te)3. When more Ag atoms are added in the Bi2(Se,Te)3
compound, the increasing concentration of AgBi defects is held
responsible for the increase of electron concentration because
AgBi formation is accompanied by hole removal. The change of
dominant lattice defect type is also reflected by the variation of
c-axis lattice parameters of the Ag-doped Bi2(Se,Te)3. The
Seebeck coefficients and temperature-dependent electrical
properties suggest that the Ag-doped Bi2(Se,Te)3 compounds
have a mixed scattering mechanism for charge carriers. This
study provides a doping strategy for simultaneous control of
electrical and thermal transport properties of bismuth telluride
through manipulating Ag-related lattice defects.
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Figure 7. Experimental and theoretical Seebeck coefficients of intrinsic
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compounds annealed at 350 °C as a function of Ag addition.
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