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Electronic and thermoelectric properties of AgBigSe
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In this work, the structural, electronic and thermoelectric properties were calculated for the thermoelectric materiss &gBAgBiSe;

using Density Functional Theory (DFT). The aim was to determine the total density of states and the partial density of states, the Seebeck
coefficient, electrical conductivity, thermal conductivity, and merit factor of both systems. The electronic properties are studied using the
modified Becke-Johnson Tran-Blaha (TB-mBJ) potential (2009) for the exchange-correlation potential. The study of the electronic properties
shows that the total density of states of AgBj and AgBiSe; are similar, close to the Fermi energy, and in general, they are similar, only
presenting some higher peaks below the Fermi energy. This is due to the partial density of states of the Se atoms. The Seebeck coefficien
electrical conductivity, thermal conductivity, and figure of merit of Ag®j correspond with the experimental results. While Agia;

presents better figure of merit values in the temperature range from 500 to 800 K, in this temperature range this material presents a bette
Seebeck coefficient. The highest value for figure of merit was 0.441 for /8fBiat a temperature of 800 K.
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1. Introduction ing the Boltzmann-Madsen theory [9], where for example the

o ) ~ Seebeck coefficient is found in terms of the moments of the
The energy crisis remains a problem today. Thermoelectricyeneralized transport coefficients?):

ity offers an alternative in energy recovery, as it converts heat

into electricity without any moving parts but through the use 1 ct

of thermoelectric materials [1,2]. The study of these mate- §= qT L0 ©)
rials has recently garnered interest since they have environ-

mental benefits and different applications not only in heat re- ~ Currently, there are some materials witfi close to unity
covery but also in cooling systems, as well as in outer spacBear room temperature [9]. More materials with values close
where spacecraft are made of thermoelectric materials of hig® unity are necessary, as this would allow for technological
temperature ¥975 K)[3,4]. The efficiency of thermoelec- application since the industry demands materials with higher
tric materials can be measured by the thermoelectric figuréZ values. Independent optimization of all these quantities

of merit of dimensionless quantities such as: of thermoelectric transport is not easy. However, through the
) study of structural and alloy engineering, it is possible to op-
2T = &ﬂ (1) timize these parameters [10,11]. This opens the door to both
K

theoretical and experimental studies to carry out these opti-
whereS, o, x andT represent the Seebeck coefficient, elec-mizations. At the same time, some software has been de-
trical conductivity, thermal conductivity, and absolute tem-veloped to help determine the figure of merit and thus select
perature, respectively. The Seebeck coefficient of a matehe most promising materials [12]. One of these software is
rial measures the amount of voltage induced by a temperdhe case of the BoltzTraP2 [8] code which uses semi clas-
ture difference. Electrical conductivity per relaxation time sical Boltzmann-Madsen transport theory and has been used
(c/7) allows us to understand the connection between curefficiently in the calculation of thermoelectric properties of
rent and free carriers (electrons/holes). The power factor (PRfbMg2Xs (X = P, As, Sb, Bi) Zintl Compounds [13].
is defined asPF' = S20; this quantity allows measuring the Another material that promises to be a good thermoelec-
potential of any thermoelectric material, and determines théric is the AgBsS; compound. Due to its low thermal con-
ability of a material to produce electrical energy at a givenductivity and its environmentally compatible compaosition.
temperature. Thermal conductivity depends on the vibrationét room temperature, the electrical conductivity is 489 S/cm,
of the crystal lattice and the electrons,= k. + k; indi-  with a thermoelectric power of64 V/K. The thermoelec-
cates that lattice vibrations are responsible for heat condudric conductivity is very low, approximately 1 W/mK [14].
tion, while thermal conductivity in metals is caused by freeThe compounds Bi ,AQs,Ss (x = 0—0.06) were manufac-
electrons [5,6]. To obtain better thermoelectric performancédured using mechanical alloying (MA) and spark plasma sin-
in a composite, low thermal conductivity per relaxation timetering (SPS). For different doping concentrations, the max-
(x/7) is required [7]. These properties can be calculated usimum value of 27 is 0.23 and is reached at 573 K for
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the Bi;.99Ago.03S3 sample, which is 130% higher than that and employs a full potential (FP). The code uses a base of
(0.11) of the pure BiS; [15]. By increasing the temperature Linearized Augmented Plane Wave to which local orbitals
from 323 K to 573 K, the Seebeck coefficient of AgBj are added ( LAPW+lo). The modified Becke-Johnson Tran-
varies from—83 uV/K to —167 pV/K, while the electri- Blaha (TB-mBJ) potential of 2009 [21] was used for the
cal conductivity of AgBiS; decreases from 178 S/cm to 79 exchange-correlation potential, which can reproduce accurate
S/cm, thereby a maximum power factor 220m~—'K=2is  bandgap of semiconductors. The separation energy between
achieved at 573 K. It is notable that the AgBi has a low the nucleus and valence states was set at 6.0 Ry. The num-
thermal conductivity, ranging from 0.70 to 0.64 WK ! ber of k points used to make the sampling in the first Bril-
from 323 K to 573 K, and then a peak thermoelectric figurelouin zone is 1000. The radiusuffin tinwas set equal to
of merit value of 0.20 is obtained at 573 K [16]. G. Tetal. 2.5, 2.46, 2.08, and 2.5 for the Ag, Se, S and Bi atoms, re-
used the element Cl to dope Agi, thereby obtaining low  spectively. In addition to the convergence in energy (0.0001
thermal conductivities df.5 — 0.3 Wm~—'K~! in the temper-  Ry). Similarly, thermoelectric properties were assessed by
ature range of 300 K-800 K. When the doping concentratiorsemi-classical Boltzmann transport theory [22] implemented
is 0.33%, the figure of merit reaches 1.0 in 800 K [17]. in BoltzTrap2 code [8]. This code has already been used suc-
Recently, Wuet al. [18] combined carrier concentration cessfully in the calculation of thermoelectric properties. Such
modulation and entropy engineering techniques, employings the case of the studies carried out by [13] where he studied
melt-annealing and spark plasma sintering, to synthesize thermoelectric properties of YbM&o (X = P, As, Sb, Bi)
series of AgBi(Se,Si—,)s5.0s bulk materials. Their results zintl compounds.
showed that doping the AgB%; compound with Se atoms
reduces thermal conductivity, thereby enhancing the thermo- . .
electric figure of merit {7°). This suggests that AgBte; 3. Results and discussions
could be a promising candidate with superior thermoelectri

performance CI'he crystal structure of AgB&; and AgBiSe; is shown in

Among existing theoretical studies, the work by Geto Fig. 1. Both compounds have a monoclinic structure and be-

al. [19] stands out as one of the most relevant contributionslongl tothe C2/m space group. Agfs optimized crystal lat-

providing a detailed analysis of the thermoelectric proper—qce parameters ave—13.57 A, b = 4.06 A, andc = 16.56

ties of AgBiS; using first-principles calculations and Boltz- A a = = 90° andf = 95.17° [14], and AgB};Se; op-
. timized crystal lattice parameters ate= 14.046 A, b =

mann transport theory. In their methodology, the authors em- 2 2 o o

. i 4.192 A, andc = 17.318 A, @ = v = 90°, and3 = 95.581

ployed the pseudopotential approach within the framewor 23]. The relative positions for the Ag, Bi, Se, and S atoms

of the generalized gradient approximation (GGA) using th 1 tHe monoclinic sr'zructure are showr?in T’ablell

Perdew-Burke-Ernzerhof (PBE) functional, along with the '

constant relaxation time approximation (CRTA). To improve

the accuracy of band structure calculations, they also useléand structure

the Tran-Blaha modified Becke-Johnson (TB-mBJ) potentlaIThe band structures for AgRSs and AgBi;Se; are shown in

Furthermore, they modeled different doping levels by shiftingF- 2 d2b tivelv. The band struct f ;
the Fermi level and analyzed the anisotropy of electronic and 'g. 28) and 2b), respectively. The band structure of A8

transport properties along various crystallographic directions.
Their results for the Seebeck coefficient, electrical conductiv-
ity, power factor, and7’ showed good agreement with exper-
imental data, providing a solid theoretical foundation for the
computational study of this family of materials.

However, despite the value of these studies, the theo-
retical understanding of the AgB®e, compound remains
limited. The present work aims to expand upon the frame-
work established by Guo and other researchers by perform-
ing a first-principles comparative analysis between A§BiI
and AgBiSe;, in order to understand how substituting sulfur
with selenium affects the electronic structure and thermoelec-
tric properties. This approach provides new insights into the
behavior of these compounds within a consistent theoretical
framework.

2. Computational method
FIGURE 1. Crystalline structure C2/m of AgB8s; and AgBiSe;.

All computations were performed using the WIEN2K code Here, the positions indicated in this figure correspond to those high-
2009 [20], which is based on density functional theory (DFT)lighted in bold in Table .
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FIGURE 2. Electronic band structure of (a) AgEss and (b) AgB;Se;.

AgBisS;. In the range of-2 to 2 eV, AgBiSe; contains
TABLE |. Relative positions for the atoms of the compounds @ higher number of electronic bands, which makes it a better
(AgBisRes)2 where Re= Se or S. The positions in bold correspond thermoelectric material and could present better values in the

to the atoms marked in Fig. 1. figure of merit.
Atom a b ¢ Density of states
Ag 0.0 0.0 0.0
0.0 0.5 0.5 The total density of states (TDOS) are shown in Fig. 3a). The
0.739 0.111 0.0 TDOS of AgBi3S; corresponds to that reported in the litera-
0.261 0.889 0.0 ture by Kim [14] and Guo [19] where they worked with the
. 0.974 0217 05 _Perd_ew-Burke an_d Ernzerho_f [24] and TB-mBJ [21] approx-
Bi 0.026 0.783 05 imations, respectively. In this work, the LAPW+lo method
- - ' was used. The potential TB-mBJ was also used because this
0.219 0.389 0.0 . . .
0.780 0.611 0.0 one presents better results in this type of materials. In the
i : i region close to Fermi energy, the TDOS of AgBg, and
0.862 0.055 0.5 AgBi;S; are similar. The only difference is that the TDOS
0.138 0.945 0.5 of AgBi;Se; is slightly higher. Figures 3b) and 3c) show
0.843 0.259 0.0 the partial density of states (PDOS) for the S and Se atoms
0.157 0.741 0.0 of the AgBkS; and AgBiSe, materials, respectively. The
0.599 0.152 05 contributions to the TDOS of these atoms are similar. It is
Re 0.401 0.848 05 important to note that for the TDOS, at the energy.19 eV,
0.077 0.362 05 there exists a local maximum for both materials. This max-
0423 0638 05 imum comes from the contributions of the atoms located in
0'849 0'466 O'O positions RE4 and RE5 in Figs. 3b) and 3c). These contri-
’ ' ) butions play an important role in thermoelectric properties.
0.150 0.534 0.0

For the next maximum below of this value, the contributions

) ] ] come from atoms located in positions RE1, RE2 and RES3.
AgBi3S; corresponds to that reported in the literature [14]

where we used the generalized gradient approximatiofyansport properties

(GGA) of Perdew, Burke, and Ernzerhof for the exchange-

correlation potential [24]. Both band structures have the beTo calculate electrical conductivity, Seebeck coefficient and
havior of semiconductor materials, with the difference thatthermal conductivity in terms of temperature, the code Boltz-
for the AgBiSe;, the energy bandgap is 0.272 eV, which TraP2 is used. This code uses the semi-classical transport the-
is lower than that of AgBjS;, which is of 0.435 eV. The ory [25] and the electronic properties previously calculated
bandgap of AgBjSe, is 37.5 % smaller than the one of forthese materials. The calculated Seebeck coefficient as a
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FIGURE 3. a) TDOS of AgB;Ss and AgBiSe;. PDOS for the S of b) AgBISs, and for the Se of ¢) AgBiSe;. Here, the $Sare the sulfur
atoms of AgB;Ss and the Sgare the selenium atoms of AgiSe;.
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FIGURE 4. The calculated a) Seebeck coefficient, b) Electrical conductivity and c) Thermal conductivity.

function of temperature is shown in Fig. 4a). Both materialsity value of AgBiSs is 3.6 x 10'? Q~! m~!s~!, and for
show positive Seebeck coefficient values for the full temperAgBis;Se; it is 4.2 x 10 Q~! m~!s~!. These materials
ature regime (300 to 800 K). This may indicate p-type behavhave relatively higher electrical conductivity than conven-
ior [26]. However, experimental results reveal that the madtional thermoelectric materials, which reduce the Joule heat-
terial exhibits n-type behavior. This discrepancy in the signing effect [28] and suggests they may be supposed to be good
of the Seebeck coefficient can be attributed to the presendbermoelectric materials. Figure 4c) shows a graph of thermal
of silver atoms, which are among the few elements (alongonductivity vs. temperature for the compounds AgRi

with Cu, Ag, Au, and Li) for which the sign of the Seebeck and AgBiSe;. For both materials the thermal conductivity
coefficient (S) is opposite to that of the dominant charge carper relaxation time«/r) has its lowest values at room tem-
riers [27]. Within the framework of Boltzmann transport the- perature 300 K, which are94 x 104 W/m.K2.s for AgBizSs

ory, as formulated by Allen, the predicted sign of S necesand2.5 x 10'* W/m.K2.s for AgBi;Se;. In the graph, you
sarily corresponds to that of the charge carriers. At roontan be observed an increase in the power factor as the tem-

temperature 300K, the Seebeck coefficient value of A§BI
is 31.5,V/K and for AgBiSe; is 30.9uV/K. However,
for temperatures higher than 450 K the values of Agi%i
are higher than those of Aggs;. The experimental results

reported by Y. Wiet al. [18] indicate that the Seebeck coef-

perature increases, which is a characteristic of a good thermo-
electric material. The values of the figure of merit are those
reported in the literature, as they facilitate comparison with
other materials. In the Boltzmann-Madsen theory [8], used
to describe transport properties in solids, the electrical con-

ficient values of AgBiSe; are approximately twice those of ductivity (¢) and the electronic thermal conductivity.j are

AgB|355

However, in the present study, our results showcalculated within the constant relaxation time approximation.

similar values for both compounds, although they qualita-BoltzTraP2 assumes that theis constant and independent
tively reproduce the expected behavior. These results couldf energy, temperature, and momentum. Therefore, transport
potentially be improved by considering electron-phonon couproperties such as and k. are reported in a form propor-

pling in the calculations

tional tor, that is, ass /7 andk. /7. When calculating the

Figure 4b) shows the graph of variational electrical con-thermoelectric figure of meritT = S%0T /k. + ky, if only

ductivity per relaxation time vs.

temperature. The graphthe electronic contribution considered and the expressions of

shows the linear variational behavior of both materials witho and x. obtained from this theory are used, the parameter
temperature. At room temperature, the electrical conductivs cancels out. This allows for a qualitative comparison of

Rev. Mex. Fis72011001
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FIGURE 5. a) Power factor and b) Figure of merit{’) vs temperature of AgBiS; and AgB:Se;.

thermoelectric performance without requiring the exact valueAgBi3S; are consistent with previous studies. The AgBi
of r. and AgBiSe, exhibit the characteristics of semiconductor
After obtaining the transport parameters in terms of tem-materials, with AgBiSe, having the smallest band gap of
perature, it is possible to calculate the power factor (PFD.272 eV. Because the PDOS of the Se atoms is very similar
and the figure of meritAI") of compounds AgBiS; and to that of the S atoms, the TDOS of Agi; and AgBiSe
AgBi3;Se; in terms of temperature. Figure 5a) shows theare also quite similar near the Fermi energy, with the TDOS
power factor vs temperature for AgiB; and AgBi3Se,. The  of AgBi3Se; being slightly higher. The PDOS of atoms at the
room temperature value of PF for Agf8; and AgBigSe; is  Re, and Re positions plays a significant role in the TDOS
3.5 x 10'° W/mK?2.s and4 x 10'° W/m.K2.s, respectively. near the Fermi energy. The results show that AG®i has
Figure 5b) shows the graph &i” as a function of temperature a higher electrical conductivity, thermal conductivity, and
for both compounds in the temperature rangf#(— 800 K). power factor within the temperature range of 300-800 K com-
It is observed that theT of AgBi3S; and AgBiSe in- pared to AgBiS;. Itis important to emphasize that the focus
tersect at approximately 500 K. These results qualitativelyhere is on the qualitative behavior of these properties, rather
agree with previously reported studies on AgBj. Atroom  than on precise quantitative values. This qualitative agree-
temperature, theT value of AgBiS; is 0.054, and that of ment aligns with previously reported studies and supports the
AgBi3Se is 0.048. In the temperature range of 500-800 Kobserved trends in thermoelectric performance. As well as
AgBi;Se; presents better values #T', this seems to be due a higher merit figureAT') in the range of 500-800 K, while
to the fact that in this region it presents better values of theAgBi3S; shows a bettetT" in the range of 300-500 K. This
Seebeck coefficient than AgiS;. The highest value forT'  latest result is consistent with the experimental findings [18]
was 0.441 for AgBjSe; at a temperature of 800 K. As in the (for AgBi3(S€).050.1)5.08, AgBI3Ss 03, AgBisSe;, AgBisSs
studies conducted by G. Ta al. [17], substituting S atoms respectively), except at the temperature where they change
with Se in AgBiS; significantly improves the thermoelec- (approximately at 450 K). Finally, experimental results show
tric and electronic properties at 800 K. This improvement isthat the Seebeck coefficient of Agi8; is approximately
partly due to a reduction in the bandgap when replacing $wice that of AgBySe,. However, our results indicate that
with Se, which increases the electrical conductivity. Con-they have similar values. This could be due to the fact that
sequently, AgBjSe; stands out as a promising material for the Boltzmann-Madsen theory takes into account group ve-
future investigations. One possible research direction wouldbcities and relaxation times, and does not consider the ef-
be to explore doped systems of this compound with Cl, S, ofective mass [8]. Despite this, due to the figure of merit for
other elements that could further improve its thermoelectricAgBi3Se;, this material is considered promising for thermo-
performance. electric materials science.

4. Conclusion
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