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Abstract: Many elements have been used as dopants to enhance the thermoelectric performance of
BipTes-related materials. Among them, Ag’s effect on thermoelectric properties, where Ag acts as a
donor or acceptor, remains unclear. To elucidate the role of Ag in n-type Bi,Tes based compounds,
Ag was added to n-type (Bip9Sby.1)2(Teg 855€0.15)3. As the amount of Ag was increased, the electron
concentration decreased, which means Ag acted as an acceptor. The added Ag atoms were found to
occupy interstitial sites in the hexagonal lattices, as confirmed by X-ray analysis and first principles
calculations. The reduction in electron concentration was attributed to the interaction between the
interstitial Ag and intrinsic defects.
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1. Introduction

Thermoelectric materials have excellent potential to improve levels of global energy consumption
by using recovered waste heat to generate power, and enabling all solid-state refrigeration
technology [1,2]. To realize this potential, thermoelectric materials are needed which have a large
value of the dimensionless figure of merit, ZT = (a?/ ox) T, where «, p, x, and T are the Seebeck
coefficient, electrical resistivity, thermal conductivity, and absolute temperature, respectively [1].
BiyTes-based compounds have been widely used for room temperature applications, and many studies
have been performed in efforts to improve their ZT [3-11]. Strategies to achieve large ZT have mainly
focused on two schemes: (a) enhancing the power factor (PF = a?/ p); and (b) reducing phonon
thermal conductivity (x,). However, before attempting to enhance PF with novel technologies such
as nanostructures and band structure engineering, the carrier concentration should be optimized.
Appropriate control of carrier concentration is one of the prerequisites for achieving enhanced ZT.

Doping is one of the routes that can be used to control carrier concentration. The full or partial
ionization of donor and acceptor dopants creates electrons and holes, respectively. As examples,
Fe was substituted for Bi as a donor type dopant [9,12], while Pb has been substituted for Bi as an
acceptor [13]. Interstitial Cu acted as the donors in BiyTes [14,15].

Among the many studies on dopants in BiyTes, the effects of Ag on the transport properties
of BiyTes-based materials have been frequently reported. Park et al. reported that the addition of
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Ag (0.01-0.2 wt %) decreased electrical resistivity and the Seebeck coefficient, an effect which they
attributed to the Ag particles, which did not substitute for Bi or Sb [16]. Lee et al. reported that p and «
decreased with Ag, which substituted for Bi or Sb in p-type (Bi,Sb),Tes [17]. The substitution of Ag
for Bi or Sb was also reported by Klichova et al. [18]. All of these results said that the Ag acted as an
acceptor in the p-type (Bi,Sb),Te; compounds.

For n-type BiTes, a different Ag behavior has been reported. Navratil et al. found that interstitial
Ag was formed in n-type Bi; Te; and behaved as a donor, while Ag behaved as an acceptor in Sb,Tes [19].
Yang et al. reported that interstitial Ag formed in n-type Biy(Te,Se); and acted as an n-type donor when
Ag content was less than 0.2 wt %, and like a p-type acceptor at higher Ag content (> 0.2 wt %) [20].
However, both studies deduced the existence of interstitial Ag by investigating electrical transport
properties, and there was no direct evidence to confirm that interstitial Ag formed in the Bi;Tes unit
cell. They noted that electrical conductivity and electron concentration increased after the addition
of Ag to n-type BiyTe; and then they argued that the electrons were donated by the interstitial Ag.
Lu et al. reported that even though interstitial Ag was formed in the n-type Biy(Te,Se)s, the electron
concentration was reduced when Ag content was less than 0.5 wt %., while the concentration increased
with higher Ag content (>0.5 wt %) [21]. Controversy about the effect of Ag in n-type Biy(Te,Se)3 has
arisen; low Ag content has been reported to reduce electron concentration [21] and to increase electron
concentration [20]. Accordingly, we think that the location of Ag in the Bi;Te; unit cell, and the effect
of Ag on the electrical transport properties, have not been clearly demonstrated.

In this study, Ag was added to n-type Biy(Te,Se); and the effect of the Ag addition on the carrier
concentration was investigated. With both experimental and theoretical investigations, we tried to
establish whether Ag occupies a position in the BipTe3 unit cell and acts as an acceptor or donor. We
also focused on new findings, that the dopant can control the concentration of native defects in BijTes,
and that the dopant can donate carriers through ionization.

2. Materials and Methods

Commercial 99.999% high purity elements of Bi, Sb, Te, Se, and 99.99% Ag were weighed according
to the stoichiometry of (Big9Sbg 1)2(Tep g55€0.15)3 + Ag. The amounts of added Ag were chosen to be
0, 0.005, 0.01, 0.03, 0.05 wt %. Sb and Se were added to Bi,Tes, because we wished to investigate the
effect of Ag on the transport properties of compounds that were close to the conventionally used
composition [22]. The mixed elements were loaded into quartz tubes and sealed under Ar atmosphere.
Using a rocking furnace, the mixtures were heated to 1073 K for 10 h. After water quenching, the
ingots were crushed by ball milling for 2 h under Ar atmosphere to prevent oxidation. The powders
were sintered at 693 K for 30 min at a pressure of 200 MPa using a hot press, and obtained n-type
BiyTe; bulk materials. These bulk materials were analyzed by X-ray diffraction (X'pert, Malvern
Panalytical, Almero, the Netherlands) using Cu Ko radiation (A = 0.15406 nm) to determine their
crystal structure. Their electrical conductivity and Seebeck coefficient were measured using ZEM-3
(Ulvac-Riko, Yokohama, Japan). The carrier concentration was measured by the Hall effect at room
temperature under 0.55T (HMS-3000, ECOPIA, Anyang, Korea). The first-principles calculations were
performed using the Vienna ab initio simulation package (VASP) code [23,24]. A supercell containing
60 atoms in a hexagonal cell was used to evaluate the formation energy of defects and Ag occupation.
A plane wave cutoff of 350 eV and a k-point mesh grid of 7 x 7 x 2 were used to ensure energy
convergence [7]. The van der Waals interaction set out by Tkatchenko and Scheffler within GGA was
used in the structural optimization [25,26].

3. Results and Discussions

Figure 1a shows the temperature dependence of the electrical resistivity and the Seebeck coefficient.
The negative Seebeck coefficient indicates that the major carriers are electrons. As the amount of
Ag is increased, the value of the electrical resistivity is increased. The absolute value of the Seebeck
coefficient increased with Ag content. Both the increases in electrical resistivity and Seebeck coefficient
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with Ag may be attributed to a reduction in carrier concentration, because the electrical resistivity and
the Seebeck coefficient are approximately proportional to n~ 1 and n~%/3, respectively [1]; this will be
also supported by the measurement of the Hall coefficient.

A reduction in electron concentration is responsible for an increase in electrical resistivity and
Seebeck coefficient, which is generally acceptable for the transport properties within the considered
carrier concentration in the Bi,Tes-related compounds [27].

The power factor («%/c) is shown in Figure 1b. It is well known that the values are dependent on
the carrier concentration and show maximum values at the optimized concentration [1]. The maximum
value of 1.73 mW/mK? was achieved in the 0.01 wt % Ag sample.
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Figure 1. The variation in electrical resistivity, Seebeck coefficient and power factor at room temperature
with respect to the amount of Ag: (a) the electrical resistivity and Seebeck coefficient and (b) the
power factor.

Figure 2 shows the carrier concentration of samples as determined from the Hall coefficient
(Ry) measurement. All of the Hall coefficient values were negative, which means electrons were
the dominant carriers. The electron concentrations were evaluated using Ry = 1/ne, where n is the
electron concentration and e is the charge of the electrons. As the amount of Ag increased, the electron
concentrations decreased. Thus, the increases in electrical resistivity and Seebeck coefficient are due to
the reduction in carrier concentration with Ag.
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Figure 2. Electron concentrations estimated from Hall coefficient as a function of Ag amount.
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In order to understand the origin of this reduction in electron concentrations, changes in the
crystal structure that occurred with Ag doping were analyzed. Figure 3 shows the observed XRD and
Rietveld refinement patterns of Bi;Te3, and the refined structural parameters are shown in Table 1 [28].
Even though Bi, Sb, Te, and Se atoms exist at the lattice sites, a refinement was performed for the
hexagonal R-3m structure with Bi in the 6c (0, 0, z(Bi)) sites, Te(1) in the 3a (0, 0, 0) sites, and Te(2)
in the 6¢ (0, 0, z(Te)) sites. The refined lattice parameters of both the a and c axes were smaller than
those of Bi,Tes, and this was attributed to the small amounts of Sb and Se substituted for Bi and Te,
respectively. Because the covalent radius of Sb (139 pm) and Se (120 pm) is smaller than that of Bi
(148 pm) and Te (138 pm), respectively, the lattice parameters will be decreased with Se [29].

The lattice parameters of the Ag-doped samples were also obtained with a Rietveld refinement
and the results are shown in Table 2. The lattice parameters of the c-axis significantly increased with
Ag, while the values of the a-axis were nearly the same. It should be noted that the covalent radius
of Bi is significantly larger than that of Ag, resulting in a reduction of the lattice parameter if Ag is
substituted for Bi. Thus, this anisotropic change and the increase in the lattice parameters indicate
that Ag was not substituted for Bi. It is believed that Ag is located at the interstitial sites (0, 0, 0.5 in
fractional coordinates) which are also known as van der Waals gaps, due to van der Waals bonding
character between Te(2) and Te(2) atoms.
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Figure 3. Rietveld refinement patterns of heat-treated BiTez sample using X-ray powder diffraction
data. Plus marks (+) represent the observed intensities, and the red solid line is the calculated result.
The difference plot (blue) is shown at the bottom. Tick marks above the difference plot indicate the
reflection positions.

Table 1. Refined structural parameters of heat-treated Bi,Tes sample obtained from the Rietveld
refinement using X-ray powder diffraction data at 297 K. The symbol, g, is the occupation factor. The
numbers in parentheses are the estimated standard deviations of the last significant figure.

Atom site x/a y/b zlc g Beq/AZ
Te(1) 3a 0 0 0 1.0 1.86(1)
Te(2) 6¢ 0 0 0.7885(1) 1.0 1.36(7)
Bi(1) 6¢ 0 0 0.3984(1) 1.0 1.37(5)

Space group: R-3 m (no. 166) and Z = 3; a (= b) = 4.3377(1) A, c=302611(1) A; a = B =90°, ¥ = 120°; R-factor:
Ruwp = 844, R, = 6.49, R = 3. 95 and S(= Rwp/Re) = 2.14.
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Table 2. Refined lattice parameters and R-weighted factors (Rwyp) for the heat-treated BirTez and
heat-treated Ag doped Bi,Te; samples obtained from the Rietveld refinement using X-ray powder
diffraction data at 297 K.

Sample Rwp (%) a(A) c(A)
Ag =0.0 8.4 43377(1) 30.2611(1)
Ag =0.01 8.61 43375(1) 30.2641(1)
Ag =003 7.82 4.3380(1) 30.2768(1)
Ag =0.05 7.97 4.3387(1) 30.2774(1)

In order to elucidate the Ag interstitial occupation, the formation energy of Ag in BiyTe; and its
structural properties were evaluated using first-principles calculations. The lattice parameters and
the formation energy obtained from the first-principles calculations are shown in Table 3. The only
increase in the lattice parameter of the c-axis was for Ag-interstitial (Ag;), while this value decreased
for the other models. It is fairly difficult to compare the absolute value of the differences in the lattice
parameters with the experimental calculations, because the amount of Ag in the modeled alloys is
much larger than that in the experiment. The results of the formation energy also support Ag; in Bip Tes.
The lowest energy of formation was obtained for Ag;.

Table 3. The optimized lattice parameters and formation energy from the first-principles calculation.
The values of pristine BiyTes, Ag interstitial (Ag;)-doped Bi,Tes, BiyTes with Ag substituted for Bi
(Aggi), and BiyTe; with Ag substituted for Te sites (6c and 3a) are listed.

Sample Lattice Parameters (A) Formation Energy (eV)
a c Te-Rich Bi-Rich
BipTes 4.421 30.478 - -
Ag; 4.443 30.660 0.68 0.68
Agp; 4.408 30.211 1.07 1.47
AgTe(6c) 4.422 30.046 1.83 1.57
AgTe(3a) 4.415 30.323 1.89 1.63

From the results of the lattice parameters and the first-principles calculations, it may be thought
that the reduction in electron concentrations is due to the Ag-interstitial. However, it can be expected
that metal atoms at the interstitial site will donate electrons, following the reaction equation

o /

Ags Biy (Te,Se)s Ag1 te (1)
where Ags means solid and nonactivated Ag atoms. Accordingly, if Ag is interstitial, electron
concentrations should increase with Ag, which is contrary to the results of the transport properties.

To understand the mechanism for the change in carrier concentration with Ag addition, we then
considered the intrinsic defects, because the carrier concentrations in BiyTes related compounds are
mainly determined by such defects. For n-type transport properties, it is known that the n-type Tep;
antisite defects (Te at Bi sites) are the first major defects, and the second major defects are the n-type
vacancies of Te (V) [7,30-32]. Because the concentration of antisite defects is highly dependent on the
average difference in electronegativity between cations and anions [7,9], in Bi;Te; dopants such as In
and Pb interact with the native defects, and this changes the concentration of the defects [9,13,33].

It was thought that the addition of Ag might also interact with the antisite defects or vacancies,
resulting in a reduction in electron concentration. We subsequently confirmed the interaction of Ag
with the defects. The Te metal phase in the samples with Ag was clearly observed in SEM images,
as shown in Figure 4. The interaction of Ag with Tep; decreased the concentration of Teg; so that the
remaining Te, which could not be included in the lattice, was then expelled as a metal phase.
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However, it is also important to consider the possibility of interaction between the Ag interstitials
and Vte. Lu et al. reported that interstitial Ag might increase the formation energy of V1, and suppress
the formation of V1, and in turn electron concentration was decreased [21]. The reactions between Ag;
and the defects are proposed below

Ag, + xTep; + xe’ — Ag? + ¢’ 2)
Ag, +yVio +2ye’ — Agd + ¢ (3)

The coefficients of x and y indicate how efficiently the formation of Tep; and V1. was suppressed
by Ag; [21].

The interaction of Ag and antisite defects was investigated using the formation energy obtained
from the first-principles calculations in Figure 5. In the formation energy calculations, we only
considered antisite defects because the calculations always confirmed that antisite defects were the
major defects. The absolute values of Tep; and Bit, decreased with Ag. The relative reduction in energy
after the incorporation of Ag; was larger in Bir, than that in Tep;: the reduction was 0.71 and 0.59 eV
for Bite and Teg;, respectively, which means that Ag; stabilized Bit. as compared with Teg;. The major
defect in the Te-rich condition was Tep;, regardless of Ag;. However, the chemical potential of Te
(11e) varied with dopants such as Sb and Se, and fabrication condition. The uy, region between 0 eV
(Te metal) and the cross point of the two lines of Tep; and Bit. means that Tep; is more preferred than
Bite. It should be noted that the region decreased with Ag;. Therefore, we also confirmed that Ag; acts
as a stabilizer of Bire.
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Figure 4. SEM images of the n-type samples (a) without Ag; (b) with 0.05 wt % Ag; (c) and (d) are
the SEM image used in the EDS composition analysis, and the spectrum obtained from the spot in
(c), respectively.

In p-type BiyTes, it was reported that Ag was substituted for Bi or Sb, which is contrary to the
results in this study. The difference in the position occupied by Ag between p- and n-type Bi,Tes is
possibly due to the lattice parameters. The c-axis lattice parameters of the p-type are significantly
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smaller than that of the n-type, because the covalent radius of Sb is smaller than that of Bi, and 75%
SbyTes is added to BiyTes for p-type transport. Thus, Ag needs more energy to enlarge the unit cell to
occupy the interstitial position in the smaller unit cell. We confirmed that the formation energy of Agp;
ranged from 1.09 to 1.07 eV as the c-axis varied from 30.468 to 30.497 A, whereas the energy of Ag;
ranged from 1.48 to 1.45 eV. Even though Ag; is more stable in the enlarged cell, Agg; is more preferred
than Ag; in the reduced cell.
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Figure 5. Formation energy of the defects in BiyTe3 as a function of the Te chemical potential. The
antisite defects with Ag; (interstitial Ag) and without Ag; were considered. The chemical potential of
metal Te was set to be 0 eV.

4. Conclusions

In summary, the variation in carrier concentration with Ag addition in n-type BiyTe3 was examined
by various measurements including electrical resistivity, the Seebeck coefficient, and the Hall coefficient.
The electron concentrations in n-type BiyTes decreased with Ag addition. The Ag atoms occupied
interstitial positions in the BiTes unit cell. It was confirmed that Ag did not directly induce the
change in carrier concentration by its ionization, but by affecting the formation of defects. The carrier
concentration was determined by the interaction between Ag and the defects.
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