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The design and development of n-type alloys in the mid-temperature regime (500-700) K with
enhanced thermoelectric performance is of utmost necessity for the fabrication of thermoelectric
devices. In this regard, the |-V-VI, family reveals superior thermoelectric performance, owing to the fact
that group V elements have non-bonded electrons and high Z (atomic number), with a high Gruneisen
parameter, which cause amplified anharmonicity and subsequently low intrinsic lattice thermal con-
ductivity. However, the irony is that the well-studied alloy of this family, AgBiSe,, undergoes phase tran-
sition in the operating temperature range. Thus, of paramount importance is restricting the phase transi-
tion and bringing it down below room temperature (RT), along with stabilizing a highly symmetrical
crystal structure in the extended operating temperature range. Efforts were made to synthesize a cubic
n-type AgBiSeS alloy belonging to the |-V-VI, compounds (unlike AgBiSe,) that is stabilized throughout
the temperature range, as the S element aids in strengthening of the chemical bonds. In addition,
the alloy was further stabilized by forming a solid solution with PbSe, which aids in increasing the config-
urational entropy and thereby increases the chemical space of the system. The resultant alloys possess
intrinsically low lattice thermal conductivity ranging from 0.38-0.74 W m~* K™% in the entire operating
range. Consequently, the peak ZT was reported as ~0.6 at 780 K, with an average ZT value of 0.3 for
the alloy (AgBiSeS)o s(PbSe)q s within 300-823 K. Although the reported ZT is low, the methodology of
entropy-driven structural stabilization in the operating temperature regime was adapted to attain a highly
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for manifold industrial applications. Moreover, thermoelectric
(TE) modules involve no moving parts, which makes them

1. Introduction

In today’s environment of looming global energy scarcity, the
pursuit of unconventional power generation methods is of
extreme importance. One of the promising alternatives is
thermoelectric power generation. Its ability to recover waste
heat (which accounts for about two-thirds of the consumed
fossil fuel) and convert it to electrical energy makes it suitable
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portable and highly reliable and increases their operational
life." ® Their reliability has been shown in space applications,
where they have operated without failure for more than
30 years.”® The particular demand from energy system devel-
opers and industrial component manufacturers for high-
temperature thermo-generators has significantly accelerated
institutional and governmental research efforts worldwide.
However, today’s available devices cannot be applied at tem-
peratures higher than 250 °C, yet the largest part of recoverable
waste heat is available at those temperatures. Thus, an urgent
need in research progress is required to explore technically
viable solutions at elevated temperatures. Nevertheless, low
conversion efficiency and high cost limit their usage in niche
applications. With substantial improvement in the figure-of-
merit (ZT), which requires untangling two unfavorably coupled
properties, thermoelectric materials can be used in more
advanced applications, which include harvesting waste heat
from power plants and engines or cooling computer chips. The
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dimensionless ZT of the material is given by: ZT = («’o/
(ke + x1))T, where o, o, k., and k; are the Seebeck coefficient,
electrical conductivity, electronic thermal conductivity and
lattice thermal conductivity, respectively. Thus, (i) decoupling
of o, 0, and «, through band engineering to improve the power
factor™'® and (ii) phonon engineering through lattice defects*
and embedding nanostructures which destroy the path
required for the propagation of the phonons'® are the two
mainstream stratagems for boosting the thermoelectric perfor-
mance. In the past decade, several new thermoelectric elements
were designed and discovered, and notably, entropy engineer-
ing has evolved as an exemplar shifting methodology which
integrates the phase, band and phonon engineering via multi-
component alloying. Entropy engineering is actually a hybrid of
the research fields in conventional thermoelectrics and high-
entropy alloys (HEAs)."*™*> Here, the participation of the multi-
ple elements tends to form high-symmetry crystal structures,
i.e., face-centered cubic lattice or body-centered cubic lattice,
which are otherwise thermoelectrically preferred due to the
introduction of high band degeneracy, Nv, and thus leads to a
high Seebeck coefficient, «. This can also be explained from the
fact that the influence of entropy of mixing, —7TAS.onf, counter-
balances the strain energy and hence stabilizes the crystalline
single-phase solid solution.'® The influence of the enhanced
entropy effect is so influential that in some instances, a single-
phase alloy is formed, violating the classic Hume-Rothery rules.
Thus, the hypotheses of “enhanced entropy” and configurational
entropy-stabilized compounds are useful to elucidate the stability
challenge. Nevertheless, the entropy-driven, structurally stabi-
lized single phase provides a beneficial path to strengthen the
electrical transport properties with some incremental compro-
mise in the carrier mobility."”

According to a well-recognized report, high-performance
thermoelectric materials, in principle, are degenerate semicon-
ductors possessing high crystal symmetry and the lowest lattice
thermal conductivity. Traditional thermoelectric materials with
rock salt cubic structure (SG: Fm3m), for instance, PbTe,'*2°
SnTe*'?* and PbSe,'**>?® were intensely studied in the past
owing to their superior thermoelectric performance. These
alloys possess multiple valleys, having carrier pockets with a
copious number of equivalent positions in a typical reciprocal
space benefitting from high crystal symmetry. In order to
explore new thermoelectric materials, researchers are now
inclined towards extending their interest to the ternary I-V-
VI, alloys with crystal structure similar to AgSbTe,.””° This
alloy is considered as an isoelectronic structural analog of the
champion thermoelectric alloy, PbTe. AgSbTe, crystallizes in
rock-salt structure at room temperature and has appeared to be
a promising thermoelectric material due to low lattice thermal
conductivity, restricted by the Sb lone pair electrons. Moreover,
Roychowdhury et al. have demonstrated that by optimizing the
electronic and phonon transport properties simultaneously, Cd-
doped AgSbTe, exhibits a near-room-temperature Z7T of ~1.5
and a max ZT of 2.6 at 573 K, which is one of the highest ever
reported among the state-of-the-art bulk TE alloys from room
temperature to 573 K.*° Nevertheless, AgSbTe, shows p-type
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conduction intrinsically and is difficult to tune into n-type via
the addition of dopants. Moreover, the n-type counterpart of
AgSbTe, with a similar rock salt crystal structure is absent in the
ternary I-V-VI, family. This largely restricts the realistic applica-
tion of this particular family of materials for the fabrication of
thermoelectric modules, which demands both n- and p-type legs
manufactured from alloys with similar physical and chemical
properties.**

To confront this challenge, AgBiSe, was discovered from the
same I-V-VI, family as a matched n-type counterpart. However,
AgBiSe, undergoes polymorphic transition twice in the operat-
ing temperature regime: (i) 390-525 K, from hexagonal () to
rhombohedral (), and (ii) from rhombohedral (f) to cubic (y)
in the temperature span of 560-585 K.>*"*® These phase transi-
tions impose a serious threat because as far as thermoelectric
modules are concerned, sudden changes in the crystal structure
and lattice constants would engender high internal stress in the
device.*” This phase transition can be averted largely by con-
sidering the Ag-Bi-Se-S system, which is intrinsically n-type
with NaCl crystal structure, and thus the thermoelectric com-
munity deviated their focus from the parent compound.
AgBiSeS (or BiAgSeS) belongs to the extensively studied parent
compound AgBiSe, alloy (I-V-VI, system) and has been
described as an established n-type alternative with the unu-
sually low thermal conductivity of 0.29 Wm ™' K" at 823 K due
to the presence of heavy-mass elements and frail inter-atomic
bonding.?® The cubic daughter alloy AgBiSeS is stabilized owing
to the S residing at the Se site and imparts modifications in the
bond length and bond angle, which eventually can cause
distortion in the crystal structure and thus reduce the lattice
thermal conductivity.®> Hu et al. mentioned that AgBiSeS
crystallizes in cubic phase at high temperature, and room-
temperature cubic phase is vulnerable towards synthetic pro-
cedures. Utmost care was taken to synthesize AgBiSeS in order
to retain the cubic structure.*® Furthermore, it was manifested
that enhancing the configurational entropy of AgBiSeS via
entropy engineering can ascertain the cubic structure in the
entire operating temperature range and averts the sudden spike
in internal thermal stress.*" In this regard, AgBiSeS was alloyed
with PbSe because it aids in the enhancement of chemical
space. PbSe was chosen for alloying, as it is a well-proven high-
performance thermoelectric material, along with compensating
the loss of Se in the synthetic procedure. AgBiSeS shows n-type
conduction, and to maintain the conduction type on alloying
and to avoid the energy barrier due to the formation of p-n
junction, n-type PbSe was chosen. This paradigm utilizes multi-
ple elements to occupy the indistinguishable atomic sites and
eventually augment the stability of the highly symmetrical
crystal structure.

2. Experimental

The synthetic procedure, characterization techniques and the
computational details employed in this study are described in
ESIT (51.0).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussions

3.1. Influence of the alloying of PbSe on the structural and
chemical properties of AgBiSeS

Fig. 1(a) shows the room-temperature powder XRD pattern of
(AgBiSeS); _(PbSe), for the melt-alloyed and hot-pressed samples.
The samples crystallize in cubic rock salt (NaCl) structure, and the
major Bragg peaks match well with the simulated AgBiSeS structure.
AgBiSeS, which belongs to the I-V-VI, compounds (unlike AgBiSe,)
due to its S element, has strengthened chemical bonds, and thus,
the cubic structure is stabilized.”® Moreover, the XRD pattern
demonstrates that the cubic structure is retained even upon alloying
with PbSe. The slight shifting of the peaks to lower 20 degree with
the increase in the PbSe content indicates competition for the
cationic site by the large Pb*" ion. In other words, the experimental
observation can be attributed to the overall compensation by the
replacement of the cationic site (Ag-Bi disordered occupation) by
the larger ionic radius of Pb, and the anionic site by more Se atoms.
As aforementioned, the vulnerability of the cubic phase of AgBiSeS
at RT towards the methodology adapted for synthesis demands
highly sensitive DSC measurement to be carried out in order to
ascertain that no phase transition takes place in the operating
temperature regime. The measurement manifested high thermal
stability with no thermal sign (endothermic or exothermic peak)
owing to entropy engineering (Fig. 1(b)). The thermal stability of the
PbSe-alloyed AgBiSeS with the composition (AgBiSeS), s(PbSe), 5 was
further confirmed by high-temperature XRD plot (Fig. S1, ESIT).
According to the laws of thermodynamics, entropy (S) is con-
sidered as a gauge to understand the microscopic configuration
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of the arrangement, and relying on the Boltzmann hypothesis,
for a multispecies system, the entropy of mixing is given by:
ASmix = —R zn: x;In Cx;, where R is the universal gas con-
i=1

stant and x; is defined as the molar concentration of the ith
constituent.*? Although for pristine AgBiSeS, ASpx = 0, with the
increasing concentration of PbSe, the configurational entropy
increases and attains maximum for x = 0.5 and then decreases.
Fig. 1(c) shows the plot of calculated ASyx vs. x for the
(AgBiSeS), _(PbSe), solid solution, and Fig. 1(d) demonstrates
the schematic of temperature vs. composition plot, or more
precisely, the phase diagram inferred from powder XRD and
DSC analysis. The plot depicts that the novel engineered alloy is
stabilized due to enhanced configurational entropy.

A topical analysis of the cubic stabilized pristine dimetal
chalcogenide, AgBiSeS, exhibits a Raman active mode E,” for Bi-
Se bonding at ~121.6 cm™ " that demonstrates the presence of
macroscopic polarizability in the molecule (Fig. 2(a)). Actually, in
cubic AgBiSeS, having cubic structure at room temperature and
enhanced configurational entropy in comparison to AgBiSe,
(theoretical and structural analyses unveiled the presence of
two Raman active modes in the hexagonal lattice of AgBiSe, at
room temperature owing to the presence of two types of Bi atom
at 124 cm ™' and 157 cm™ " assigned to E, and A, modes), the
cationic disorder due to Ag vacancy and Big antisite defect fetch
only one Raman peak at room temperature.*> However, metal
ions or cations exist in altogether disordered state at ambient
temperature on alloying due to the increase in configurational
entropy and presence of antisite defects. This makes the
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Fig. 1

X in (AgBiSeS), (PbSe) -

(@) Room-temperature XRD pattern of (AgBiSeS); ,(PbSe), (x = 0, 0.2, 0.5, 0.8, 0.9, 1.0); (b) DSC curve for the alloy system; (c) calculated

configurational entropy vs. composition parameter x for (AgBiSeS); . (PbSe), (x = 0, 0.2, 0.5, 0.8, 0.9, 1.0); (d) schematic of temperature-composition plot
for the pseudo-binary alloy system depicting stabilized cubic structure in the entire temperature regime.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2024, 5, 7637-7649 | 7639


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00549j

Open Access Article. Published on 28 August 2024. Downloaded on 7/18/2025 7:12:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a) E} Bi-Se bonding —— AgBiSeS (b)
£ £
£ b
= =
L=t Ll
L L L Il Il
150 200 250 300 350 400
Raman Shift (cm™)
Fig. 2

disorder in the system, which eventually evades the Raman peak.

exchange of metal ions inevitable, or in other words, the
formation of vacancies (vacancy defects) acts like a passage in
the exchange of the metal ions and thus plays a major role.** To
rephrase, the cationic intermixing or disordering causes no
macroscopic polarizability and evades the Raman peak, owing
to the absence of long-range ordering of atoms (which is a basis
of the Raman peak) (Fig. 2(b)).

The enclosed bonding nature of pristine AgBiSeS, as shown
in Fig. 3(a), and of (AgBiSeS), _,(PbSe), (x = 0.2) (Fig. S2, ESIT), was
further corroborated by X-ray photoelectron spectroscopy (XPS).
The elements Ag, Bi, Pb, Se and S were clearly spotted in the
survey scan, and to identify the chemical state, high-resolution
spectra were acquired for the aforementioned elements. In the Ag
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(a) Room-temperature Raman spectra of AgBiSeS and (AgBiSeS)o g(PbSe)q » illustrating how the increase in the configurational entropy aids in

3d XPS spectrum, the Ag 3ds, can be deconvoluted by the Ag
curve fitting software into two peaks. The peaks centred at
367.1 €V (3ds/,) and 373.1 eV (3ds),) are attributed to +1 oxidation
state and assigned to the Ag-Se bond.*” Similarly, the peaks at
367.94 €V (3ds,) and 373.94 eV (3ds,) correspond to Ag-S bond.*®
The high-resolution scan of Bi 4f (Fig. 3(b)) shows two strong,
broad peaks with binding energies of 157.7 eV and 163.02 eV
corresponding to Bi 4f,, and 4fs;,, respectively, which are
assigned to the Bi-Se bond, with Bi primarily in the +3 oxidation
state.?” In addition, the peaks at 159.6 eV and 164.9 eV corre-
spond to Bi 4f7/2 and 4f5/2, respectively, of the Bi-S bond.*® The
occurrence of spin orbit separation (~1.2 eV) between S 2p;,
(161.1eV) and S 2p,, (162.3 eV) peaks corroborate the presence of

(b)

Intensity (a.u.)

154 156 158 160 162 164 166 168
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Fig. 3
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(a) X-ray photoelectron spectra: (a) Ag-3d; (b) Bi-4f and S-2p; (c) Se-3d.
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S in the form of >~ in the alloy (Fig. 3(b)). The high-resolution
scan for 3d Se corresponds to selenides as well as Se in elemental
state (Fig. 3(c)). Analogous to sulphides, the existence of spin
orbit separation of (~0.86 eV) between Se 3ds/, (54.05 eV) and Se
3ds, (54.91 eV) confirms the presence of selenides in the alloy.
However, commenting on the exact chemical environment of the
Se is difficult because the binding energy values corresponding to
Bi-Se and Ag-Se are close by and beyond the resolution of our
instrument. Moreover, suppressing the loss of Se vapor is also
enabled by the presence of elemental Se in the alloy. To corro-
borate the XPS analysis, analogous to AgBiSeS, Huang et al
reported the cubic structure of AgBiSeTe at room temperature
and studied the local structure using X-ray absorption fine
structure spectroscopy (XAFS). They explicitly mentioned that
the local structure of Bi in AgBiSeTe is more disordered in
comparison to AgBiSe, and AgBiTe,, although the antisite dis-
order prevails in all the alloys. In addition, when the radial
distribution function is compared for the Bi L;-edge and Se K-
edge for AgBiSe; ,Te, (x =0, 0.5, 1.5 and 2) using extended X-ray
absorption fine structure spectroscopy (EXAFS), the analysis
revealed that the Bi-Te bond crops up and intensifies with
increasing Te content. However, when probed at the Se K-edge,
all the peaks are well aligned for the first shell and correspond to
Se-Bi or Se-Ag bonds.*® Using similar analogy, it can be inter-
preted that when probed at the Bi L;-edge in AgBiSeS, there will
be pronounced Bi-S bond, whereas probing at the Se K-edge will
show Se-Bi or Se-Ag bonds. Thus, the depiction of the schematic
representation of the arrangement of atoms is shown in Fig. S3
(ESIY).

As aforementioned, unlike AgBiSe,, S residing at the Se
(Fig. S3, ESIt) site will modify the bond length and bond angle,
and thus, the bond heterogeneity will eventually contribute to
the reduction of lattice thermal conductivity.

~
<]
~
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3.2. Electronic transport behaviour and electronic structure
calculation

The temperature-dependent Seebeck coefficient (Fig. 4(a)) was
recorded from 300 to 823 K, and the negative value for both
pristine AgBiSeS and PbSe indicates n-type conduction
(Fig. S4(a), ESIT). Interestingly, the Seebeck coefficient for
AgBiSeS was very high, ~—620 pv K ' at 300 K, and it
decreases with temperature to ~—150 pvV K at 825 K. Jang
et al. explained that in the ABX, system, it is the B-site cation
which dictates the conduction type. For Sb-based alloys, i.e.,
B=Sb, the alloy imparts p-type conduction, whereas for
Bi-based alloys, i.e., B=BIi, the alloys show n-type conduction.
Thus, the n-type conduction in AgBiSeS is presumably due to
the Biag, Le., Bi- on Ag antisite defect, and the enhanced
Seebeck coefficient is due to the high effective mass (m*).>°
Moreover, the decrease in Seebeck coefficient with increase in
temperature can be ascribed to the effect of bipolar conduction,
i.e., the presence of contrasting charge carriers or two different
electron bands with varied effective mass (violation of single
parabolic mode).*® In other words, calculation of the effective
mass in n-type AgBiSeS is complex owing to non-parabolicity of
the conduction band in the proximity of Fermi level. Never-
theless, in the interest of simplicity and to acquire a rough
estimation of the effective mass of the carriers, the single
parabolic band model was considered.

Moreover, to validate the assumption, m* was evaluated
using the following equations utilizing experimental Seebeck
coefficient, S and carrier density (ny) measured at 300 K

(eqn (1)-(3)):

2/3
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Fig. 4 Temperature-dependent (a) Seebeck coefficient; (b) electrical resistivity and (c) power factor of the alloy system (AgBiSeS);_,(PbSe),.
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where r is the scattering factor, e is the electron charge, & is
Planck’s constant, and kg, # and F,(n) denote the Boltzmann
constant, reduced Fermi energy and nth order Fermi integral,
respectively. The reduced Fermi energy was computed by fitting
the resultant experimental Seebeck data. For simplicity, r = —1/2
was considered for acoustic phonon scattering, which is assumed
to be the main scattering mechanism at ambient temperature
and remains independent of the grain size. The reduced Fermi
energy, 11, was derived from the fitted Seebeck coefficient, and the
effective mass (m*) was calculated to be 0.36m,. The optimised
effective mass in comparison to other state-of-art thermoelectric
alloys corroborate the high Seebeck coefficient values. However,
the m* owing to the presence of high Z elements reduces carrier
mobility drastically and is thus responsible for the high resistivity
of the alloy. Thus, apart from the motivation of entropy engineer-
ing, a solid solution of AgBiSeS and PbSe was formed to optimise
the quasi-independent parameters and aid in obtaining a sweet
spot of high figure-of-merit in the ZT vs. T plot. Surprisingly, the
point which needs to be discussed is that although both AgBiSeS
and PbSe show n-type conduction, the trend of Seebeck coeffi-
cient vs. T is different owing to the difference in the band
structure or carrier concentration. For pure AgBiSeS, as discussed
earlier, the Seebeck coefficient is very high, and with increase in
temperature, it diminishes owing to the fact that the thermal
excitation of charge carriers moderates the Seebeck coefficient.
However, PbSe, being a degenerate semiconductor, undergoes
electron-electron scattering with the rise in temperature, and
hence, the Seebeck coefficient is enhanced (for reference, the
electronic and thermal transport properties of PbSe are shown in
Fig. S4(a—f), ESIT). In the case of solid solution, (AgBiSeS); ,(Pb-
Se),, for x = 0.2 and 0.5, the variation of o vs. T follows the trend of
AgBiSeS, where the conduction type is determined by the Biyg
antisite defect, i.e., the holes created by the acceptor atom (Ag)
are compensated by the electrons donated by the donor atom
(Bi). Nevertheless, the trend is mysterious for x = 0.8 and 0.9,
where the alloy undergoes p-n transition, ie, shows p-type
conduction in the temperature regime of (300-550) K, and
beyond that, n-type conduction, where the Seebeck coefficient
increases in the negative direction, attaining maximum at
~650 K and then showing an upturn. In principle, for a
multinary compound with high-symmetry cubic crystal structure,
cation disordering is profound, and it has implication on the
electronic properties. As discussed earlier, the B site cation
determines the conduction type, and the lone pair on the B-site
cation bestows intense phonon-phonon scattering and predomi-
nantly diminishes the lattice thermal conductivity. Although the
stereochemical activity of the lone pair on the cation is impeded
by the formation of ABXY, which interrupts the polymorphic
transition, high symmetry is exhibited by increasing the chemical
space, which subsequently increases the configurational entropy
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by surpassing the enthalpy change in the Gibb’s free energy
equation. Nevertheless, in (AgBiSeS),,(PbSe)os and (AgBi-
SeS)o.1(PbSe)q.o, both Ag'* and Bi**, being minor, occupy the
Pb>" site based on the size of the ionic radii. PbSe with
octahedral geometry exhibits the ionic radius of Pb®" as 133 pm,
whereas Bi** and Ag'" have the ionic radii of 103 pm and
115 pm, respectively. Thus, due to the close proximity of the
cationic radii, both Bi*" and Ag'* can occupy the Pb" ? site.
However, Jang et al. explicitly mentioned that antisite defects
are provoked when the electronegativity difference between the
atoms are inconsequential.>® For instance, the thermochemical
electronegativity values of Ag, Bi and Pb are 1.93, 2.02 and 1.87,
respectively, in Pauling’s scale. Thus, exchange of the atoms
would not affect the bonding characteristics significantly. How-
ever, the formation energy values are important to understand
the feasibility of the antisite defect. Shannon mentioned that in
AgBiSe,, the formation energy of Bi,, is lower in comparison to
Aggi, apparently due to the smaller ionic radii of Bi** than Ag'*
in an octahedral site.>® This causes charge compensation by
electrons donated by Bi** ion to the holes created by the Ag
vacancies (V,g) having acceptor-like tendency. Since Ag vacan-
cies accept only one electron, the AgBiSe, system has surplus
electrons and thus shows n-type conduction. This shows that
the charged antisite defect can cause n-type polarity and dispels
the customary notion of n-type conduction via controlling the
Se vacancy. Rather, the low formation energy of the donor-type
antisite defect facilitates n-type conduction in the alloy. If a
similar analogy prevails, then the Pb vacancy, Vpy,, in PbSe (loss
at anionic site, Se>~ is supersaturated with Se vapour) induces
p-type conduction;** thus, the Ag'* cation occupies the Vpy, site,
forming the antisite defect of Agpy,. This is highly probable and
expected to have low formation energy owing to the fact that
Ag'" and Pb®>" have comparable ionic radii. Thus, the cation
disordering due to the formation of the charged antisite defect
Agpy, is highly probable and feasible. However, Ag can donate
only one electron to the Pb-site, and an extra hole remains
uncompensated, and thus, the composite with x = 0.8 and 0.9
shows p-type conduction at ambient temperature. Thus, it is
obvious that in the present study, at ambient temperature, the
conduction type (p-type) is determined by the following eqn (4)
and (5):

Pby, — Vg, +2h* + Pb(g) | (4)

Ag+Vp, — Agpy + 1h° (5)

During the thermal disorder process, the Ag-Bi atom exchange
results in a quasi-metallic state, bringing more conduction
valence electrons, which eventually lead to the switching
between p- and n-type conduction, i.e., in Bipp,, Bi donates three
electrons to the Pb vacancy via the following eqn (6):

Bi + Vp, — Bipp, + le~ (6)

and thus, excess electrons remain in the system, leading to n-
type conduction. This difference in conduction type with the
increase in temperature for x = 0.8 and 0.9 is evident in the plot

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of Seebeck coefficient vs. T. Thus, the defect thermodynamics
as explained above demonstrates as well as dictates the conduc-
tion type of the thermoelectric alloy. The prevalence of donor-like
antisite defects, Biyg, influences the p-type conduction, whereas
the presence of supersaturated anionic site with uncompensated
cationic antisite defects forestalls n-type conduction at ambient
temperature. Nevertheless, the loss of anions with high vapour
pressure is inevitable in few instances and thus changes the
conduction type accordingly.>® This analysis displays the effect of
phase boundary mapping to control the conduction type of the
alloy. In a study by Pan et al., Pb was doped at the Bi site in
AgBiSe,, and Pb acts as a hole donor.>® Thus, a small concen-
tration of Pb retains the n-type conduction of AgBi;_,Pb,Se,.
However, when the concentration of Pb*' exceeds the intrinsic
carrier concentration, ie., electrons, the alloy transforms into p-
type. This tuneable engineering in the conduction type can be
used for the fabrication of devices.

To further explain the unusual trend in the case of x > 0.8,
we simulated these materials. As the electronic structure of a
material is known to have huge influence on the transport
properties, we determined the electronic structure of pristine
and alloyed PbSe. Although DFT is known to underestimate the
band gap due to the approximations, it can provide a qualitative
insight.>® Cubic PbSe showed a principal band gap of 0.16 eV at I’
point (Fig. 5(a)), which is comparable to the values in a previous
report.”* The folding of L point onto the I' point leads to the
appearance of the principal band gap here, as is seen in previous
reports of other thermoelectric materials where the same dimen-
sions of supercell were used.”>® A band offset of 0.23 eV is
estimated between the valence sub-bands at I' point and Z + ¢
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point in Z — R direction, along with an offset of 0.46 eV between
the conduction sub-bands, respectively. The valence and conduc-
tion sub-bands with heavy hole nature appear at Z + ¢ point in
Z — R direction in the supercell used, due to folding of the ~
point of the primitive cell’s Brillouin zone onto it.>”® To further
understand the contributions from various atoms, we studied the
pDOS (Fig. 5(b)). Se ‘p’ orbitals form most of the valence band,
while ‘p’ orbitals of Pb form the conduction band, with the Fermi
level lying in the mid-gap area.

The alloying of AgBiSeS in PbSe was simulated in a dis-
ordered way to mimic the experimental configuration (Fig. 5(c)
and (d)). The electronic structure shows a drastic change, with
the appearance of new sets of bands traversing across the band
gap, touching the valence band at I" point and conduction band
at Z point. The conduction and valence band edges move
0.87 eV apart, with the hybrid band having a width of 1.25 eV.
When we examine the pDOS for its content in this area, we see that
the ‘p’ orbitals of Bi and Se hybridize, resulting in increased density
of states in this region. Meanwhile, ‘p’ orbitals of Se and S show
major contribution in the valence band region, and the ‘p’ orbitals
of Pb show a considerable contribution 1 eV above the Fermi level.
A previous report suggested that Bi does not exert much influence
on the electronic structure or pDOS of PbSe, and the present work
shows that in the presence of Ag and S, it greatly distorts the DOS.*
Hybridizing with the anionic orbitals of the host and distorting the
DOS is a well-known feature exhibited by Bi in host systems like
GeTe and SnTe.*”*" Although Ag is known to increase the band gap
in the systems mentioned above, in the present scenario, it has
little to no influence.®® We do see a cumulative convergence of the
valence sub-bands in the alloyed composition leading to an
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Fig. 5 Electronic structures and pDOS of (a) and (b) PbSe and (c) and (d) AgBiSeS alloyed PbSe. Energies are shifted with respect to Fermi level, which is

set to zero.
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increase in the number of contributing valleys to the p-type
transport. For the improvement of n-type transport, we see the
flattening of the conduction bands observed similar to the case of
Cd-doped PbSe.**

The temperature-dependent electrical resistivity (p) of pris-
tine AgBiSeS and those of the (AgBiSeS), (PbSe), composites are
shown in Fig. 4(b). At ambient temperature (i.e. 300 K), the p value
for AgBiSeS is found to be 112 792 pQ2 m, which decreases to 59 uQ
m at 823 K—a reduction in resistivity by 99.9%. This typically
indicates semiconductor behaviour, where the degenerate beha-
viour supersedes the intrinsic excitation and so prevails for all the
new alloys formed by using AgBiSeS and PbSe. Moreover, the
resistivity plot demonstrates that the resistivities of the entropy-
engineered new multinary alloys are lower than that of pristine
AgBiSeS. This is attributed to the fact that PbSe, being a degenerate
semiconductor, injects electrons in the system and thus optimizes
the carrier concentration. However, for x = 0.5, there is a competi-
tion between the formation of donor type charged antisite defects
Bise and Agpy,. Consequently, in the presence of two donor atoms
Bi and Ag, the resistivity drops down in comparison to other alloy
systems. Nevertheless, pristine PbSe exhibits the behaviour of a
degenerate semiconductor, where the resistivity increases with the
increase in temperature (Fig. S4(b), ESIT). The calculated power
factor for AgBiSeS and the (AgBiSeS); .(PbSe), composites are
shown in Fig. 4(c).

3.3. Temperature-dependent thermal transport behaviour

Considering the temperature-dependent thermal transport
behaviour, the total thermal conductivities (x) of the pristine
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AgBiSeS and the solid solutions (AgBiSeS); ,(PbSe),, respec-
tively are shown in Fig. 6(a). (Temperature-dependent thermal
diffusivity plots of pristine AgBiSeS, PbSe and solid solution of
(AgBiSeS), ,(PbSe), are shown in Fig. S5, ESIf). Pan et al
reported that AgBiSe, has a x value of 0.65 W m~ ' K '
whereas Hu et al. reported a similar composition exhibited
the x of 0.55 W m ™' K™ .*° The total thermal conductivities of
the alloys remain significantly flat, demonstrating glass-like
behaviour. In the present study, pristine AgBiSeS displays an
ultra-low total thermal conductivity of 0.69-0.74 W m ™" K" in
the temperature regime of 300-823 K, whereas PbSe exhibits
values ranging from 3.16-1.89 Wm™ " K ' (Fig. S4(d), ESI¥). It is
noteworthy that AgBiSeS as well as the composites exhibit ultra-
low total thermal conductivity over the entire temperature
range. Primarily, the total thermal conductivity is constituted
by the contributions from the lattice and electronic thermal
conductivity. In principle, the lattice thermal conductivity (ija)
is estimated by directly subtracting the electronic contribution
(kele) from the total thermal conductivity as Kpgal = Kiar + Kele-
The electronic contribution .., can be estimated using the
Widemann Franz Law, k.. = LoT, where L is the Lorentz
number, ¢ is the electrical conductivity and 7 is the tempera-
ture. The common practice in thermoelectrics is to consider L =
2.44 x 107* W Q K> (degenerate limit). Moreover, the Wide-
mann Franz Law is valid for degenerate semiconductors and
metals. Thus, utmost care should be taken while estimating
Kele, and so, L was obtained based on the thermopower mea-
sured. Kim et al. explicitly mentioned that remarkable diver-
gence from the degenerate limit (~40% or greater for Kane
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Fig. 6 Temperature-dependent (a) total thermal conductivity; (b) Lorentz number calculated using the Seebeck coeff. values; (c) electronic thermal
conductivity; and (c) lattice thermal conductivity of the alloy system (AgBiSeS);_,(PbSe),.
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bands) are known to arise for non-degenerate semiconductors,
and eventually L congregates to 1.5 x 10~ ® W Q K> (in the case
of acoustic phonon scattering). In this regard, L was estimated
using the equation L = 1.5+ exp {%} . The L estimated
using this eqn. for AgBiSeS and (AgBiSeS); .(PbSe), (x =
0.2, 0.5, 0.8, 0.1) alloy systems was found to be ~1.5 X
107® W Q K 2. However, for the degenerate semiconductor
PbSe, L was estimated to be ~2.44 x 10~ % W Q K (Fig. S3(e),
ESIY). The L vs. T plot for the compositions under study and the
calculated .. vs. T are shown in Fig. 6(b) and (c), respectively.

Nevertheless, it is the lattice thermal conductivity which
plays the key role in the total thermal conductivity of the alloy
without PbSe. When calculated, it shows that without PbSe,
where the electronic contribution to i is ~52%, (Fig. S4(d),
ESIT), AgBiSeS imparts only 0.006% at RT. On increasing the
concentration of PbSe (x = 0.2) in the alloy, the electronic
contribution increases marginally; however, at x = 0.5, the
electronic contribution to ka1 is ~ 0.3%. For the compositions
0.8 and 0.9, electronic thermal conductivity is almost
temperature independent throughout the temperature range.
Fig. 6(d) displays the lattice thermal conductivity as a function
of T. Previous reports pertaining to I-V-VI, compounds
demonstrate that highly symmetrical rock-salt cubic structures
exhibit low k¢ in comparison to other crystal structures, which
can be correlated to the intense anharmonicity appearing from
the existence of the lone pair electron.®* Nielsen et al. demon-
strated using DFT calculations that the rock salt structure of the
I-V-VI, family develops soft phonon modes owing to the
intense hybridization and repulsion among the lone-pair elec-
trons of the cations (group V) and the anions (group VI) having
valence p orbitals.®> Consequently, the presence of stereo-
chemically active non-bonded electrons or lone pairs in the
sp-hybridized bonding orbitals cause the occurrence of high
Griineisen parameter, which causes amplified anharmonicity
and subsequently low intrinsic lattice thermal conductivity.®®
This is analogous to AgSbTe,, where the valence configuration
of Sb (i.e. 55°5p°, the 5s orbital being significantly low in energy
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compared to the 5p orbital) fails to undergo hybridization and
thus prevents the formation of sp® bonds among Sb and Te.
Thus, the crystal co-ordination swaps from tetrahedral geome-
try (AgInTe,) to octahedral geometry (AgSbTe,), and the group V
cation exhibits +3 oxidation state and develops polar covalent
bond with the group VI anion (chalcogens) by sharing the p-
electrons. However, the s* electrons remain isolated as non-
bonding electrons or lone pairs. Eventually, it couples or gets
repelled from the valence bands of the d-orbital of noble metals
(such as Ag) and the p-orbitals of chalcogen and undergoes
deformation (s-orbital of group V) by lattice vibrations, causing
strong anharmonicity. In a similar group (Vb), Bi exhibits a
large atomic radius (=143 pm) in comparison to Sb (=133 pm),®’
and consequently, it can be assumed or is rather reasonable
that the electron cloud encasing the Bi atoms would be higher
than Sb. This infers that non-bonded or lone-pair electrons on
Bi probably cause more disproportionate electron density,
leading to enhanced lattice vibrations. Hence, it can be specu-
lated that pristine AgBiSeS, without PbSe, exhibits ultra-low
lattice thermal conductivity owing to enhanced bond anharmo-
nicity related to Bi** ion and is analogous to the aforemen-
tioned Sb*" ion.

3.4. Microstructural analysis

Scanning electron micrographs of the (AgBiSeS), 5(PbSe)o 5 are
depicted in Fig. 7(a) and (b). The image shows the sample is
highly dense. EDS mapping of the randomly selected region
corroborates the homogeneous distribution of the constituent
elements and is devoid of any precipitation or phase segregation
Fig. 7(c)—(i). (The SEM micrographs along with EDS mapping of
other compositions are shown in Fig. S6, ESIf). However,
further investigation of the microstructure using high-
resolution transmission electron microscopy (HRTEM) depicts
the presence of defects at various length scales (majority being
point defects due to atomic mass mismatch, Fig. 7(j)). Thus, in
spite of the subdued effect of the stereochemical activity of the
lone pair on Bi owing to the increase of the chemical space due
to entropy engineering, the eventual generation of point defects
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(a) and (b) SEM micrographs of (AgBiSeS)q 5(PbSe)q s; (c) area pertaining to elemental mapping; (d)—(h) mapping of the constituent elements in the

sample depicting the homogeneity; (i) elemental distribution in the sample by EDX; (j)) TEM image depicting the presence of hierarchical features at

various scales in the sample.
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in conjunction with lattice anharmonicity scatters the phonons
extensively and thus reduces the lattice thermal conductivity
drastically.

Consequently, besides being intrinsically a low-thermal-
conductivity alloy, the presence of all-scale hierarchical archi-
tecture further slashes the thermal conductivity.

3.5. ZT optimisation

Interestingly, the intrinsic low lattice thermal conductivity
attributed to the stereochemical activity of the lone pair on Bi
(group Vb) and the large Griineisen parameter with intentional
architecturing in the dimension of the defects, along with
entropy-driven structural stabilization, has led to a peak ZT of
~0.6 at 780 K (Fig. 8(a)) and an average ZT value of 0.3 for the
alloy (AgBiSeS),s(PbSe), s within 300-823 K (Fig. 8(b)). To
ascertain the repeatability and reproducibility of the (AgBi-
SeS)o.5(PbSe)y s composite, samples with nomenclature S1-S6
were measured, and the plot is given in Fig. S7 (ESIY).

4. Conclusion

In conclusion, the stabilized n-type cubic phase of AgBiSeS was
synthesized with utmost care, utilizing the concept of phase
boundary mapping, as the practical application of thermoelec-
tricity has no space for polymorphism in the operating tem-
perature regime. This excellent dynamical stability was possible
owing to the substitution of Se by the highly electronegative S
atom, which aids in chemical bond strengthening. This highly
susceptible cubic AgBiSeS was further stabilized by entropy-
driven solid solution alloying with PbSe. The various analytical
techniques corroborate the absence of phase transformation
and support the compound as an excellent alternative for an n-
type alloy in the mid-temperature (300-823) K regime. Ultra-low
lattice thermal conductivity was achieved due to high Griinei-
sen parameter and bond anharmonicity, in addition to all-scale
hierarchical architecturing. Thus, entropy engineering has led
to a highly symmetrical cubic structure with diminished ther-
mal conductivity, paving a new path for the design and devel-
opment of new thermoelectric materials.
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(@) ZT vs. T plot of the alloy system and (b) ZT,,4 vs. composition in the temperature range of 300-823 K.
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