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ABSTRACT

Achieving both n-type and p-type performance in one thermoelectric material family is of great
benefit for the thermoelectric device due to the comparable mechanical properties. Bi.Se; shows
strong n-type behavior due to the intrinsic Se vacancy. Herein, we successfully synthesized p-type
poly-crystalline BiogShoslnosSes, which has the same crystalline structure as Bi.Tes, with an
intrinsic Seebeck coefficient of 500 pV K™ at room temperature. It is found that Mn is a good p-
type charge carrier provider in the as-fabricated BiosShoglnosSes thermoelectric material. An
optimized power factor of ~420 pW m™* K2 and a low thermal conductivity of 0.51 W m™* K™ result
in a ZT of 0.48 at 350 °C in Mno.3Bio77Sboslno.sSes. Our work provides a new insight into the

manipulation of the intrinsic defects via high entropy strategy.



Main Text

Bi,Se; shows intrinsically strong n-type behavior due to the low defect formation energy of
Se vacancy’? and high saturation vapor pressure of Se in the sintering process.® The relative low
carrier mobility results in the inferior n-type performance as compared with Bi,Tes. Nevertheless,
Park and Singh predicted that hole-doped Bi,Se; material could have potential better performance
at medium temperature as compared with Bi,Tes duo to its larger band gap and effective mass.* In
the past ten years, many efforts were thrown into the fabrication of a p-type Bi,Se; material, but
only a few attempts were successful, e.g., the single crystal doped with Pb, Sh, Ca, and Mn with
very low carrier concentration (1.63-2.66 %10 cm®),57 and the poly-crystalline Mgo.01Bi1.00S€306.2
However, the Seebeck coefficient of Mgo.1BirseSesos becomes negative at temperatures above
200 °C, and the thermoelectric performance of all reported p-type single crystal Bi,Ses-based

materials were at low temperatures, thus the predication of Park and Singh is still an open question.

Generally, the manipulation of intrinsic defects is an important topic not only on
thermoelectrics, but also on other functional materials, e.g., catalysts, functional oxide ceramics,

optoelectronic materials. Specifically, strategies like self-compensation effect,>* external

11,12 13,14 15,16

doping, ™ chemical reduction,** and other approaches™™ were widely applied to regulate the
intrinsic carriers’ type or concentration. For Bi,Ses, the formation energies of both antisite defect
(Bise) and anion vacancy (Vi) are higher than those of Bi-Sh-Te materials,® which is due to the
large atomic radius and electronegativity differences. Therefore, to achieve a p-type Bi,Ses-based
thermoelectric material, we need to suppress the formation of Se vacancy (Vse). In this work, we
report an intrinsic p-type poly-crystalline BigsSho slno.sSes through substituting large amount of Bi
with In and Sb with the aim to increase the configurational entropy. The as-fabricated
Bio.sShoslnesSes shows a rhombohedral crystalline structure with an intrinsic Seebeck coefficient
of 500 pV K™ at room temperature. An optimized ZT of 0.48 at 350 °C is obtained by further adding

Mn as an electron acceptor dopant.

Fig. 1(a) shows the XRD patterns of BiSbSes, Bio.oShlng1Ses, BiosShlne2Ses, BiosSblneSes,

and BiosShoslno.4Ses. The poly-crystalline Bi;Ses and its related compounds were synthesized by



using the 10 h ball milling (SPEX 8000D, SPEX SamplePrep LLC) and 5 min spark plasma
sintering (SPS-211L X, Fuji Electronic Industry Co. Ltd). The peaks of pristine BiSbSe; well match
the orthorhombic structure (PDF#15-0861 Sh.Ses) without impurity phases. However, after the
introduction of In element into the BiSbSes; matrix with the stoichiometric reduction of Bi element,
the main phase transforms into a rhombohedral structure with a space group of R3m, same as that
of Bi,Tes. Furthermore, this transformation is strengthened with the increase of In content, whereas
single rhombohedral phase cannot be obtained by only manipulating the content of Bi and In. We
find that further tuning of Sb content promotes this transformation, and pure rhombohedral
structure phase is achieved in the sample BiosSho.sIno4Ses, showing that the increased configuration
entropy can stabilize the rhombohderal phase. The refined lattice constants for pristine
BiosSboslne4Ses material are a = 4.061 A and ¢ = 28.783 A, while for pristine Bi,Ses, a = 4.138 A,
c = 28.640 A. It is seen that the c/a ratio increases from 6.97 (BiSes) to 7.09 (BiosSbosInosSes) by
the alloying effect. Field-emission scanning electron microscopy (FE-SEM) imaging reveals that
BiosShoslnesSes material shows randomly oriented lamellar features with grain size of 5-10 pum.
EDS mapping results indicate that the elements are homogenously distributed in the matrix (Fig.
S1) and no obvious secondary phase is observed, further supporting the single phase of
BiosSboslnosSes. Fig. 1(b) compares the Seebeck coefficients of pristine Bi.Ses, In.Ses,'’
BiSbSes,'® and BiosShoslnoSes. It is clear that the binary and ternary selenides exhibit n-type
behavior from room temperature to 400 °C, as their Seebeck coefficients are negative. However,
the Seebeck coefficient of Bio.sSho slne.4Ses becomes positive in the whole temperature range (RT
- 400 °C), exhibiting an intrinsic p-type semiconductor behavior. In order to investigate the intrinsic
p-type behavior, the precise elemental compositions of Bi,Ses-based selenides with rhombohedral
structure were measured as listed in Table 1. The Se contents per formula are 2.91, 2.98, and 3.10
for Bi.Ses, Bi1sSho4Ses, and BiosShoslnesSes, respectively. It is noted that Bi site alloying with
large amount of Sb and In significantly reduce the Se deficiency, suggesting that the increased
configuration entropy (0 for Bi»Ses to 1.05 kg/f.u. for BigsShoslnoe.sSes, presented in Table 2) could

be an effective approach to suppress the formation of the donor defect Vse. This provides a new



guisdance to manipulate the defect concentration in other thermoelectrics via high entropy

engineering.

It is noted that the as-fabricated p-type BiosShoslnesSes has an intrinsic low carrier
concentration of ~10'" cm™ as shown in Table 2, which is far from the optimized carrier
concentration in the range of 10%-10% cm™>. Elemental doping is an effective approach to
manipulate the carrier concentration and improve thermoelectric performance.?° Mn dopant as a
hole provider is applied in BiosShoslno.4Ses. The XRD patterns of MnyBiosxSboslne.sSes (x = 0.01,
0.02, 0.03, and 0.04) are well maintained, compared with that of BiosShoglng4Ses (Fig. S2). Fig. 2
depicts the thermoelectric properties of the MnBiosxShoslnesSes with different Mn doping
contents. The room temperature electrical conductivity increases nearly two orders from 18 S m*
through 2 < 10°Sm™, 11 x 10°Sm™?, 13 x 10°Sm™ to 7 x 10° S m™ as the Mn content increases
from x = 0 through x = 0.01 to x = 0.04, respectively, indicating that Mn is an effective electron
acceptor (Fig. 2(a)). It is clearly seen that the carrier concentration increases by more than two
orders from 10Y cm?® to 10%°-10% cm® for Mn doped samples, while the carrier mobility
experiences a slight change varied from 4 cm? V* s* to 8 cm? V! s (Table 2). A high carrier
concentration in the degenerated range is necessary to suppress the intrinsic excitation. Fig. 2(b)
shows the temperature dependent Seebeck coefficients of pristine and Mn doped samples. The
Seebeck coefficients of all Mn doped samples are positive, exhibiting p-type behavior. The room
temperature Seebeck coefficients decrease from 500 uV K, through 197 pV K*, 141 pV K, 137
nV K*to 141 pVv K™ as the Mn content increases from x = 0 through to x = 0.01 to 0.04, respectively,
resulting from the increased carrier concentration. The temperature dependent electrical
conductivity and Seebeck coefficients suggest that all Mn doped samples are already degenerated,

showing a decreasing ¢ and increasing S as temperature rises.

Owing to the optimized carrier concentration, the power factor of all the MnyBio s-xSbo.glno.4Ses
samples has increased in the whole temperature range, as presented in Fig. 2(c). A peak power
factor of ~420 pyW m* K2 at 250 °C is obtained in Mno.sBio.77Sboglne4Ses, which is about 2000%

higher than that of the pristine BiosSboslnosSes. We have also calculated the Pisarenko curve based



on the single parabolic band (SPB) model®* with the effective mass m*/mo = 0.5, 1.5 or 2.0 as
displayed in Fig. 2(d). It is clearly seen that Bio.g.xMn,Sbg slne.4Ses (1.5-2.0 mg) has a much higher

effective mass than Bi.Se; (0.5 mo), suggesting different band edge structures.

We then perform density functional theory (DFT) calculations to obtain the band structures of
Bi,Se; and BiosShoslng4Ses (see supplementary information for computational details), as shown
in Fig. 3. The crystal structure of Bi>Ses is schematically drawn in Fig. 3(a). It is seen from Fig.
3(c, d) that the effective mass of the valence band maximum (VBM) at T point is larger in
Bio.sSho:slno.4Ses as the band becomes more flattened.?? The increased band effective mass results
in a low carrier mobility, as x is proportional to 1/my*,?? which is also observed in our samples as
shown in Table 2. The energies of additional carrier pockets (ACP) between Z-F (N, = 6) and L
point (Ny= 3)*2° also increase as the energy difference AEr.zr (AE..) decreases from 0.26 eV (0.43
eV) to 0.02 eV (0.14 eV). According the 5keT rule,® those additional carrier pockets could
contribute to the thermoelectric transport, especially in the high temperature range, which results
in an enhanced effective mass as the increase of carrier concentration. Generally, the as-fabricated

MnyBio.sxShoglnosSes materials have a multiple band conduction behavior, which is of great benefit

to the electrical transport properties.

Fig. 4(a) shows the temperature dependent thermal conductivity of pristine and Mn doped
samples. The room temperature thermal conductivity increases from 0.56 W m* K* to 0.67 W m*
K™ as Mn dopant increases from 0 to 0.03 due to the increased electronic thermal conductivity xe,
obtained using the Wiedemann-Franz relationship x, = LaT, where L is Lorentz number. For
pristine BiosShoglnoesSes, it shows a notable bipolar effect near 250 °C due to the intrinsic low
carrier concentration. With the much increase of the carrier concentration, the bipolar thermal
conductivity can be significantly suppressed,?”?® leading to a continuous reduction of the total
thermal conductivities of Mng3Bio.77Sboslno.4Ses and Mngp4Bio 76Sboslng.4Ses samples. Comparing
to  BipsShoglnosSes, the thermal conductivities of  MnoesBio77ShoslnosSes  and
Mno.04Bio76Sho slng+Ses decrease about 5.6% and 7.5 %, respectively, at 400 °C. Fig. 4(b) presents

the dimensionless figure of merit as a function of temperature for MnBio s.xShoslno.4Ses. It is clearly



seen that all Mn doped samples have increased ZT values in the whole temperature range and the
peak value is pushed to higher temperatures as compared with the undoped one. A maximum ZT
value of ~0.48 is achieved in Mng 03Bio.77Sho slng.4Ses at 350 °C, even larger than that of the reported
n-type BixSes.’® Although this value is still humble as compared with other p-type thermoelectric
materials, e.g., Cu.Se, PbSe and SnSe, it can be a good starting point to explore other p-type Bi,Ses-

like selenides.

In summary, we successfully manipulate the intrinsic defect of Bi,Ses-based materials and
achieve a robust p-type Te-free thermoelectric material BiosShoslno4Ses in its polycrystalline form.
The band convergency induced by alloying Sb and In at Bi site leads to a relatively high positive
Seebeck coefficient. Further optimization of carrier concentration by Mn dopant synergistically
promotes the electrical properties and suppresses the bipolar effect, achieving a high ZT value of
~0.48 at 350 °C. Our work introduces a robust Te-free p-type polycrystalline Bi,Ses-based
thermoelectric material and evaluates its thermoelectric properties at medium temperatures,
providing a new insight into manipulating the intrinsic defects of other classic thermoelectric

materials via high entropy strategy.

See the supplementary material for details of computation and experiment. The XRD patterns and
refined lattice constants, Hall carrier concentration and carrier mobility, and the specific heat

capacity of MnyBiosxSho.slng4Ses and Bi,Ses are also presented.
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FIG. 1. () XRD patterns of BiSbSes, BiosSblngiSes, BiosSblng2Ses, BioeSblngsSes, and
BiosSboslnosSes. (b) Seebeck coefficients of pristine Bi,Ses, In,Ses*’, BiSbSes™®, BiosShoslnoSes,

and Bi1.eoMgo.015€3 06°.
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FIG. 2. Temperature dependent (a) electrical resistivity, (b) Seebeck coefficient, and (c)
power factor for MnyBios-«Sho.slno4Ses samples (x = 0, 0.01, 0.02, 0.03, and 0.04). (d) The
absolute value of Seebeck coefficient as a function of Hall carrier concentration for Bi,Ses™ and
MnyBio.s-xSboslne.sSes samples (x =0.01, 0.02, 0.03, and 0.04). The dashed line is plotted according

to Pisarenko line with effective mass m*/mo = 0.5, 1.5, or 2.0.
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FIG. 3. (a) Schematic crystal structure and (b) Brillouin zone of Bi.Ses. Bloch spectral functions
of (c) BizSe; and (d) Bio.sSho slng.4Ses calculated using the KKR-CPA method. Er represents Fermi

energy.
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FIG. 4. Temperature dependent (a) thermal conductivity, and (b) ZT value of MnxBio s-xShoslno.4Ses
samples (x =0, 0.01, 0.02, 0.03, and 0.04).
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TABLE 1. Elemental compositions and configurational entropies of selected selenides with

rhombohedral crystal structure.

Compounds Bi Sh In Se Configurational
Entropy (ks/f.u.)
Bi,Ses 2.0000 - - 2.9087 0
Biy 6Sho.4Ses 1.6112 0.3888 - 2.9766 0.50
Bio.gSho.glno.aSes 0.8039 0.8063 0.3898 3.1028 1.05

TABLE 2. Hall carrier concentration (n) and carrier mobility («) of Mn,BiosxShoslnosSes and

Bi,Ses™ at room temperature.

MnyBio.gxSboglnosSes x=0 x=0.01 x=002 x=003 x=0.04 BiSe®

n (10%° cm3) 0.019 3.259 8.906 12.857 11.340 0.41

1 (Cm? Vvt sty 5.88 6.38 7.54 5.99 3.87 566
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