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Ultralow Thermal Conductivity through the interplay of
composition and disorder between thick and thin layers of
Makovickyite structure

Srikanth Balijapelly,? Ashlee Hauble,” Mathew Pollard,® Morgane Poupon,? Vaélav Petfi¢ek,? Jeremy
Lee Watts,® Yew San Hor,® Susan M. Kauzlarich,” and Amitava Choudhury® *

Abstract Here we report the synthesis and characterization of three quaternary complex chalcogenides, Ago.72Bis.4sCuo.88S9
(1), Ago.70Bis.30Cu1.3Ss (I1), Ago.3aBia.saCu1.03PbSs (Il1). All the compounds in this homologous series crystallize in the C2/m space
group and can be described as Pavonite structures. This structure type consists of alternating NaCl-like layers with varied
thickness ("P), separated by a pair of square pyramids. All the compounds reported here are synthetic analogues of the n =
4 pavonite family and are known as makovickyite minerals. Compounds I — lll possess complex crystal structures, consisting
of mixed occupancies of Bi/Ag/Pb sites, as well as partially occupied Cu sites. These intrinsic assets lead to ultra-low lattice
thermal conductivities, in the range of 0.75 — 0.42 Wm™K from 300 — 500 K, and make these materials promising candidates
for thermoelectric applications. All three structures exhibit very narrow indirect band gaps of less than 0.5 eV as confirmed
by DRS measurements. Charge transport properties are consistent with n-type semiconducting behavior with moderate
electrical conductivities and large Seebeck coefficients. Low temperature electrical resistivity and Seebeck coefficient
measurements are also performed on Il. A promising figure of merit, zT, of 0.09 for I and Il, 0.11 for Il can be achieved at

475 K.

Introduction

Complex crystal structure and intrinsic structural disorder in
ternary and quaternary chalcogenides have been demonstrated
to have strong influences on thermoelectric properties,
especially on lattice thermal conductivity.22 Minimization of
total thermal conductivity is one of the key factors in developing
high-performance thermoelectric materials, since the efficiency
of thergnoelectric materials is defined by the figure of merit,
szj“:Zl, where S is Seebeck coefficient, o is electrical
conductivity, Kital is total thermal conductivity and T is the
absolute temperature. All these properties are interrelated via

carrier concentration, making it difficult to isolate and improve
one without negatively impacting another. For example, higher
electrical conductivity is associated with lowering of the
Seebeck coefficient and increasing the electronic component of
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the thermal conductivity.3-> Given the correlated nature of
these properties, one strategy to increase zT is to focus on
lattice thermal conductivity, which does not depend on carrier
concentration. Synthesizing new compounds is in the hands of
solid state chemists where lattice thermal conductivity can be
minimized without adversely affecting S or o. Strategies to
reduce lattice thermal conductivity often rely on approaches
that scatter phonons without affecting electrical conductivity
and include defect engineering, such as point defect creation,
grain boundaries, nano structuring, disorder and structural
complexity. Additionally, compounds with lattice anharmonicity
originating from stereo-active lone pairs located on heavy
elements such as Bi, Sb, and Pb make ideal candidates to
achieve ultra-low thermal conductivity.®7 All of these strategies
to minimize thermal conductivity can be implemented in
complex chalcogenides, which highlights the fact that
identifying an appropriate family of crystal structures is crucial
to discovering a high efficiency thermoelectric material.

Among several complex chalcogenide structures, the pavonite
mineral family exhibits a high degree of structural and
compositional diversity.8-10 The Pavonite family of compounds
possesses three-dimensional (3-D) structure with layer-like
modules stacked through bridging S atoms. The thin slab, called
the ‘@’ layer, consists of paired square pyramids of BiSs and the
thick slab, called an incremental slab, is comprised of BiSe
octahedra which can have varied number of octahedra ‘n’ (in "P
series) along the diagonal direction. The idealized unsubstituted
homologues of the pavonite family can be described by the
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general formula Ag?, 1Bi%Bi®%Bi?,.,S,n+10 (for Z = 1, formula
unit), where n = 2 — 11.° Because of their high tolerance of
specific crystallographic sites for cations of different radii, a
wide range of compositions can be derived and synthesized by
incorporating transition as well as main group metals, Cu, Mn,
Pb, In, Sb and Sn and so on.11-24

Recently, several pavonite compounds were investigated and
displayed promising thermoelectric properties.11-16.19.25 For
example, the Kanatzidis group has investigated AgBi3Ss which
belongs to the P pavonite family and features remarkably low
lattice thermal conductivity (0.6 Wm~1K-1) at room temperature
due to double rattling phonon modes of Bi and Ag atoms.1”
CdMBisSeg (M = Pb/Sn) belongs to the n = 3 pavonite family with
ultralow thermal conductivity of 0.58 Wm-K-1at 320 K and a
peak zT of 0.63 for CdPbBisSeg at 850 K.18 Pavonites containing
alkali ions (°P) ASn;BisSip (A = Li/Na) show low thermal
conductivities in the range of 0.6 — 0.8 Wm~1K=1.15 Intrinsic high
frequency thermal vibration of interstitial Cu atoms in the
lattice were proven to scatter phonons effectively in the
CuxsyBis.yQs (Q =S, Se) series.?627: 28 All these attributes make
pavonite compounds an interesting class of materials for
further investigation. However, several compositions have yet
to be studied and the origin of the low thermal conductivity
understood.

In this work, we have identified a P pavonite series also known
as makovickyite family which has an idealized formula of
Ag15BissSe (Z = 2, formula), in which Ag occupies an octahedral
site in the thin layer as well as substituting on the Bi site in the
thick layer.? However, when Ag is replaced by Cu*, the Cu* can
occupy both tetrahedral and interstitial sites in the thin layer
(a), along with heterotopic substitution in the thick layer.29:30
When both Cu and Ag are present in the structure, Ag may or
may not be present in the thin layer8231-33 and if the amount of
Cu is more (1.5 to 2 per formula unit, Z = 2), Cu atoms can
substitute with statistical disorder and partial occupancy on
crystallographic sites in the thin layer.33 Substitution of excess
Pb and Cu for Bi adds additional complexity, as one of the cell
axes doubles resulting in a Cu-ordered structure similar to
Taking cue from these
synthesize

cupromakovickyite minerals.31:32
sought to

makovickyite/cupromakovickyites with varying amounts of Cu
while keeping the content of Ag relatively constant to study the
effect of disorder in the lattice on thermal conductivity. We also
substitute Pb in one of the compositions to evaluate the effect
of lattice anharmonicity on the lattice thermal conductivity.
Thus, in this manuscript we are reporting the synthesis,
structural characterization, and thermoelectric properties of
compositions  Ago.72Bis.4sCuogsSe (1), Ago.70Bis30Cu1.3Se (I1),
Ag0.34Bis54Cu1.98PbSy (1) with Cu/Ag ratio of 1.22 (1), 1.85(ll),
and 5.82(lll), respectively. Measurements of physical properties
exhibited ultra-low thermal conductivities (<0.8 Wm~1K), high

observations we analogues of

Seebeck coefficient values, and moderate electrical
conductivities, which give rise to reasonably good
thermoelectric figures of merit for compounds, I — lll, at

moderately low temperatures.

2| J. Name., 2012, 00, 1-3

Experimental
Synthesis

Compounds, | —
occurring minerals.3133 In our target stoichiometry we have

IIl, are the synthetic analogues of naturally

closely followed the reported nominal compositions,
Ago.68Biss0Cu1.06S9 for 1,32 Agoe2BisssCuiseSe for 11,3 and
Ag0.52Big.48CusPbSs for 11.31 32 Compounds, | — Ill, were

synthesized by melting stoichiometric combinations of high
purity Cu (Aldrich 99%), Ag (Alfa Aesar 99.9%), Bi (Cominco
electronic materials), Pb (Alfa Aesar 99.9%), and S (Alfa Aesar
99.99%) powders. All the powder precursors were weighed
accordingly and loaded into 12 mm diameter quartz ampoule
(total weight of 3 g) and flame sealed under vacuum. The sealed
ampoules were heated to 700 °C at a rate of 20 °C/h and
dwelled for four days before cooling to room temperature at a
rate of 35 °C/h. A silvery single ingot was obtained in all cases.
Appropriate crystals were picked from crushed large ingots and
used for single-crystal X-ray diffraction. Well-ground powder
samples were used for further characterizations.

Single crystal X-ray diffraction

High quality single-crystals from I, Il, and Ill were mounted on a
Bruker smart apex diffractometer equipped with a sealed tube
X-ray source with Mo—Ka radiation (A = 0.71073 A) using a glass
fiber. Room temperature diffraction data were collected using
SMART34 software with a step of 0.3° in w scan and 20 s/frame
exposure time. Data integration and absorption correction were
achieved by SAINT3> and SADABS35,
respectively. SHELXS-97 and difference Fourier syntheses were
used to solve the structures.3® Full-matrix least-squares
refinement against | F2| was carried out using the SHELXTL-PLUS
suite of programs.3> For all compounds final refinements were
carried out by SHELX-2018 incorporated in SHELXLe.3? Our
crystal structure solutions match very well with the reported
ones for I and Il. However, for Ill we did not get the doubled c-
axis cell as the mineral structure,32 which could be due to the
high temperature synthesis procedure adopted in the
laboratory compared to natural crystal growth or due to slight

using programs

deviation in our composition compared to the reported mineral.
This was clear when all the reflections were projected on the
reciprocal
reflections fit into the normal cell. There were no systematic

lattice, except for few spurious reflections all

unaccounted reflections that would suggest a doubling of cell
(Figure S1). All the compounds crystallize in C2/m space group
(No.12). There are five well-behaved S sites, out of which four
are located on 4i and one on 2c and Bi can be located on three
4j site either fully or jointly occupied with Ag/Pb. Out of three
Bi sites, Bil and Bi2 are located in the thick layer and Bi3 is
located in the thin layer. In compound I, two 4/ sites are fully
occupied by Bi and the other by Bi/Ag (Bil and Agl) jointly
occupied with 74:26 ratio. Besides mixed occupancy with Bi, Ag
is present in an octahedral 2a site (Ag2) in thin layer with 20%
site occupancy. Additionally, there are three partially occupied
Cu sites with 35% (Cul, 4g), 7% (Cu2, 4i) and 2%(Cu3, 4i)
occupancy in the thin layer yielding a final charge balanced
formula of Ago.72Bis.48CU0.ssSe (1). For the refinement of Il, three
4j sites have been assigned to Bi, among which two 4i sites in

This journal is © The Royal Society of Chemistry 20xx
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Table 1: Crystal data and refinement details for I, Il and 11l

ARTICLE

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
Goodness-of-fit on F2
R[I>20(/)]?

WR (F2) (all data)®

Ago.72Bis.48Cu0.88S9
1567.33

295(2) K

0.71073 A
Monoclinic

c2/m
a=13.1938(15) A
b = 4.0566(5) A
c=14.6417(17) A
b= 99.5290(10)°
772.84(16) A3

2

6.735 g/cm3
65.420 mm-1
1.034
R1=0.0283

wR2 = 0.0676

Ago.70Bis.30Cu1.3S9
1554.24

295(2) K
0.71073 A
Monoclinic
c2/m
a=13.227(2) A
b =4.0511(6) A
c=14.637(2) A
b=99.496(3)°
773.6(2) A3

2

6.673 g/cm?3
63.858 mm-1
1.011
R1=0.0299
wR2 = 0.0696

Ag0.34Bia.54Cu1.98PbSg
1606.98

295(2) K
0.71073 A
Monoclinic
c2/m
a=13.356(2) A
b =4.0339(6) A
c=14.841(2) A
b=99.915(2)°
787.6(2) A3

2

6.776 g/cm3
65.366 mm-1
1.094
R1=0.0318
wR2 = 0.0706

Ri=Z||Fol = | Fel /2| Fol.

bWR, = {S[w(Fo? ~ F2R)/SIW(F?)21}2, w = 1/[02(Fo)? + (aP)? + bP], where P = [Fo? + 2F2]/3

Table 2: Selected bond lengths (A) for Ago.72Bis.4sCUo.88So (1), Ago.70Bis.30CU1.3S0 (I1), Ag0.34Bis.54Cu1.98PbSs (1NN).

Moiety Distances (A) Moiety Distances (A) Moiety Distances (A)
Bil—S2 2.651(3) Bil—S2 2.653(3) Bil—S2 2.675(3)
Bil — S4#1 2.805(2) Bil — S4#1 2.806(2) Bil — S4#1 2.809(2)
Bil —S1#3 2.8860(4) Bil —S1#3 2.8912(4) Bil —S1#3 2.8998(4)
Bil—-S4 3.003(4) Bil—-S4 2.983(4) Bil -S4 3.070(4)
Bi2 - S5 2.657(3) Bi2 - S5 2.663(3) Bi2 - S5 2.661(3)
Bi2 — S2#5 2.761(2) Bi2 — S2#5 2.761(2) Bi2 — S2#5 2.766(2)
Bi2 — S4#2 2.927(2) Bi2 — S4#2 2.928(2) Bi2 — S4#2 2.929(2)
Bi2 —S1 3.0131(6) Bi2 —S1 2.9943(6) Bi2 —S1 3.0294(7)
Bi3 — S3#7 2.590(3) Bi3 — S3#7 2.595(3) Bi3 — $3#7 2.546(4)
Bi3 — S5# 2.840(2) Bi3 — S5#3 2.839(2) Bi3 — 533 2.785(3)
Bi3 — $3#3 2.858(2) Bi3 — $3#3 2.8562(19) Bi3 — S5# 2.976(4)
Ag2 — S5 2.233(3) Pbl — S3#7 2.769(5)
Ag2 — S3#8 2.902(2) Pb1 — S5#4 2.809(4)
Pbl—S3#3 3.042(4)

Symmetry transformations used to generate equivalent atoms:
| #1 -x+1/2,-y-1/2,-z+1 #2 -x+1/2,-y+1/2,-z+1 #3 x+1/2,y+1/2,z #4 x+1/2,y-1/2,z #5 x-1/2,y-1/2,z #7 -x+1,-y,-z
#8 -X,-y,-z W #1 -x+1/2,-y-1/2,-z+1 #2 -x+1/2,-y+1/2,-z+1 #3 x+1/2,y+1/2,z #5 x-1/2,y-1/2,z #7 -x+1,-y,-z 1l
#1 -x+1/2,-y-1/2,-z+1 #2 -x+1/2,-y+1/2,-z+1 #3 x+1/2,y+1/2,z #4 x+1/2,y-1/2,z #5 x-1/2,y-1/2,z #7 -x+1,-y,-z

This journal is © The Royal Socie

ty of Chemistry 20xx
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the thick layer contain Ag with 28% and 7% site occupancies,
respectively. Further refinements resulted in partial occupancy
for Cu in four crystallographically unique positions in the thin
layer, yielding a low R factor of 3.0% with a final charge balanced
formula of Ago70Bis30Cu13Ss (II). A different situation was
observed in compound lll, with one 4/ site (Bi2) having almost
full occupancy of Bi (94%) with small amount of Cu (Cu3)
substitution (6%) taking place at slightly off from Bi site. The
other two sites are mixed occupied by Bi/Ag (Bil/Agl) and Bi/Pb
(Bi3/Pb1l), respectively. Due to the similar X-ray scattering
power of Bi (Z = 83) and Pb (Z = 82), free refinement of their
not reasonable, therefore,
proportions according to stoichiometry used for the reaction

occupancies was relative
were considered for further refinements. However, the position
of Bi and Pb found to be split between Pb1 and Bi3 positions. By
freely refining the Bi/Ag, R factor reduced significantly resulting
83% occupancy for Bil and 17% occupancy for Agl in 4 site in
thick layer. Cu was found to partially occupy four different
crystallographic sites yielding a final charge balanced formula,
Ag0.34Bis54Cu1.98PbSs (NN). It is to be noted here that the use of
split positions of Pbl and Bi3 for Ill was evaluated against a
model considering presence of anharmonic atomic
displacement parameters (ADPs). The probability density
function (P.D.F) of electrons was calculated from the refined
anharmonic ADPs in the direct space to make sure that there
were no termination effects in such maps. Such calculations
indicated that the introduction of 4th order tensor leads to an
unrealistic distribution of atoms in the Bi3/Pb1 site (Figure S2).
On the other hand, the shape of the P.D.F with using only 3rd
order term seemed to indicate split atom positions as we have
used in our model (Figure S2). Moreover, it yielded a similar fit
with the same number of refined parameters (Table S1). This
means that we have a very reasonable support for split

positions of Bi3/Pbl. The crystal data and refinement
—— Experimental, IlI
Kemmindoa -
—— Simulated, 11l
-
D_ 1 ' L ' L L L f
< _
~ Experimental, Il
>
=
n
c
Q —— Simulated, Il
£
Experimental, |
— Simulated, |

10 20 30 40 50 60 70 80 90
26, (°)

Figure 1. Comparison of experimental and simulated powder

X-ray diffraction patterns for compounds Ago 72Bis 4sCuo.8359 (1),
Ago.70Bis.30Cu1.359 (I1), and Ago.3aBissaCuz1.98PbSs (II).

4| J. Name., 2012, 00, 1-3

parameters are given in Table 1, and selected bond lengths are
listed in Table 2. Atomic coordinates, isotropic and anisotropic
displacement parameters are given in Tables S2-S7. It is to be
noted here that the final crystallographically-derived
compositions are very close to the nominal compositions
targeted and they are all charge balanced, Ago.72Bis.4sCuo.88Ss (1),
Ago.70Bis 30Cu1.3S9 (1), and Ago 34Bis.s4Cu1.9sPbSo (1N1).

Powder X-ray diffraction

To evaluate the bulk purity of the samples, the room
temperature powder X-ray diffraction (PXRD) was carried out
on hand ground polycrystalline samples using PANalytical X'Pert
diffractometer assembled with Cu Ka anode and a linear array
PIXcel detector over a 20 range of 5 to 90° with an average
scanning rate of 0.0472° s~1 Powder diffraction patterns of the
well-ground as-synthesized samples are provided in Figure 1
along with one-to-one matching of simulated patterns derived
from atomic coordinates of | — Ill obtained from single-crystal
structure solutions. To further verify the phase-purity, we have
carried out Rietveld refinement of the PXRD patterns of the as-
synthesized products using the single-crystal atomic
coordinates. Good convergence between the calculated and the
experimental patterns along with the low values of weighted
profile residuals, Rwp, (Figure S3 and Table S8) confirm the
correctness of the model. The refined unit cell parameters are
in good agreement with the single-crystal structure solution
(compare tables 1 and S8). Rietveld refinements also show
absence of any discernable impurity phase(s) in I — Ill. PXRDs
were also collected on the hot-pressed samples to see any
phase transformations during the hot pressing (Figure S4).
Optical band gap measurements

Varian Cary 5000 UV-Vis-NIR spectrophotometer equipped with
a praying mantis set up was used to measure the optical band
gap using BaSO, powder (Fisher, 99.2%) as a reflectance
standard. Diffuse reflectance spectroscopy was performed on
compounds I =1l in the wavelength range 200 — 2500 nm. Band
gap values were estimated using a Tauc plot.3® The equation
ahv = A(hv — Eg)™ was employed to estimate the optical band
gap, coefficient (Kubelka-Munk

where «a is absorption

2.5

1.0

05

0.0
0.0

05 10 15
eV

Figure 2: Diffuse reflectance spectra plotted as hv vs (ahv)Y/2 for

20 25 30

(m,

compounds  Ago.72Bis.4sCuo.gsSs (1),
Ag0.34Bia.54Cu1.98PbSo (1I).

Ago.70Bis30Cu1.359

This journal is © The Royal Society of Chemistry 20xx
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function),3® hv is the photon energy, and m =2 and % depending
on whether the transition is direct or indirect. Compounds I =11l
exhibit linearity in hv vs (ahv)Y2 plot, suggesting that the
samples possess indirect band gap. The band gap values are
very narrow and below 0.5 eV as the curve was still riding on the
steep absorption edge at the lowest energy end of the
measured wavelength (Figure 2).

Thermal analysis

TGA-DSC data were collected simultaneously from
temperature to 1050 °C with scan rate of 10 °C/min under a high
purity argon atmosphere on approximately 20-30 mg of
synthesized powder using a TA Instrument Q600SDT. DSC plots
for compounds I, Il and Ill are presented in Figure S5. All three
compounds have similar melting points in the range 925 — 950
K. Compound | displayed an endothermic peak at 540 K
corresponding to a phase transition (Figure S5).

Sample preparation for physical property measurements
As-synthesized ingots were ground to fine powders using agate
mortar in an argon filled glove box. The fine powders were
loaded into a graphite die of 0.5 inch diameter. The die was
placed in a hot press apparatus and the temperature was slowly
raised to 500 °C using a load of 35 MPa under high purity argon
atmosphere for 20 minutes. The furnace was slowly cooled to
250 °C over a course of 2 hours and then the load was
withdrawn. Hard cylindrical disks were obtained with more than
95% of the crystallographic density.

room

Seebeck and electrical resistivity measurements

Bars with dimensions ~10 mm x 2 mm x 1 mm were cut from
the hot-pressed pellets using a Buehler diamond saw for high
temperature resistivity and Seebeck coefficient measurements
on a Linseis LSR-3. Measurements were done using a standard
four-probe method under a helium atmosphere from 325 K to
475 K.

Low temperature electrical resistivity and Seebeck coefficients
were measured for compound Il from 5 — 300 K. Bars of
dimension 4 mm x 1.5 mm x 10 mm were measured in a
Quantum Design PPMS thermal transport option (TTO) using a
standard four probe method. Room temperature Hall
measurements were performed on the same polished bar for
compounds Il and lll using the PPMS system. Hall coefficients
were derived from a hall resistance (pxy) versus magnetic field

(@), .
e

[+ / _.x\’

Jee 25
3 2
¢ :
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(B) plot (Figure S6). Carrier concentration was determined from
the Hall coefficient (Ry) using the formula Ry = 1/ne, where n is
the carrier density and e is the charge.

Thermal conductivity measurements

Hot-pressed pellets were further polished and coated with
graphite for thermal diffusivity a(T) measurements using the
laser flash technique under high purity helium or argon
atmosphere. Thermal diffusivity
performed on compounds | — Il from 300 to 475 K in Davis and
from 475K to 800K for compounds Il and Il in Rolla. For
compound |, high temperature thermal diffusivity
measurements failed as the pellet shattered after 540 K due to
the presence of a phase transition at 540 K as evident from our
DSC data (Figure S5). It is to be noted here that there is a slight
mismatch of thermal conductivity data for compound Ill at 475
K (collected in two locations), presumably because of different
pellets used from different batch of syntheses. Such differences
may originate from small variations in stoichiometry and
therefore carrier concentration due to human error during
weighing of reactants for syntheses or slight differences in the
density of hot-pressed pellets. Thermal conductivity was
calculated using the formula k = a(T).Cp.d, where a(T) is thermal
diffusivity, Cp is specific heat, d is the density. Specific heat (Cp)
is estimated by Dulong-Petit limit, Cp = 3R/M (where R = ideal
gas constant, M = average molar mass of each element) and
density of all the samples were measured from the dimensions
and masses. The calculated densities are ~ 95% of the
theoretical densities.

measurements were

our

Results and discussion

Structure description

Compounds, I - 1ll, belong to the 4P pavonite homologous series
and are also known as makovickyites. These structures have
complex 3-D networks composed of two types of alternating
slabs stacking perpendicular to the c-axis. The thick slab is
composed of BiS¢ octahedra resembling a NaCl lattice and is
four octahedra thick along the diagonal direction. The thin slab
consists of pairs of BiSs square pyramidal pillars interconnected
by either AgSe octahedra or interstitial copper atoms,

depending on how much Cu is substituted for Ag (Figure 3).

Figure 3. Makovickyite structures (*P pavonites) with four octahedra thick incremental layer (thick) and one octahedra thick non-

incremental layer (thin) of compounds (a) Ago.72Bis.48Cuo.8sSs, I; (b) Ago.70Bis.30CuU1.3Ss, II; (C) Ago.34Bis.54CuU1.9sPbSo, IlI.

This journal is © The Royal Society of Chemistry 20xx
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ARTICLE

All the structures I, Il, and Il have three crystallographically
unique Bi sites. Bil and Bi2 are present in slightly distorted
octahedra within the thick layer, with the Bi1/2 —S bond lengths
in the range 2.651(3) — 3.070(4) and 2.657(3) — 3.0294(7) A,

2,984(4) A

2.653(3) A

(d)

2.994(6) A

Journal Name

This finding is different from the naturally occurring mineral,
wherein Pb takes up an independent position due to the
doubling of the unit cell.32 All the Bi — S distances are in good
agreement with several reported pavonite structures.1617 |n |,

180°

A

©

2.251(3)1"\,-—--,‘2.251(3)
H \

Figure 4: Coordination environments of Bi and Cu in Ago.70Bis.30Cu1.35 (I).

respectively, and the Bil site is mixed occupied by Ag and in case
of Il, Bi2 site is also mixed occupied with Ag . Bi3 is part of the
thin layer and is coordinated to five S atoms in a square
pyramidal fashion, with four longer axial bonds in the range
2.8562(2) — 2.976(4) A and a shorter equatorial bond from
2.546(4) —2.595(3) A. In Ill, Bi3 site is split between Bi3 and Pb1.
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Figure 5. Low temperature charge transport measurements
for compound Ago 70Bis 30Cu1.3Ss, Il (a) Electrical conductivity
(b) Seebeck coefficient

6 | J. Name., 2012, 00, 1-3

because of the higher Ag content, some Ag is also present in the
thin layer. In this case, Ag atoms adopt octahedral coordination
and interconnect the Bi3Ss square pyramidal pairs, with Ag2 — S
bond distances ranging between 2.233(3) — 2.902(2) A. Cu
adopts linear and tetrahedral coordination in the
makovickyite/cupromakovickyite structures. Accordingly, in
compounds | and Ill, all the Cu atoms are tetrahedrally
coordinated; however, in compound IlI, among four
crystallographically distinct partially occupied Cu sites, Cu4
adopts linear coordination with a Cu4 — S distance of 2.251(3)
A, while Cul, Cu2 and Cu3 adopt flattened tetrahedral
coordination in the thin layer, with the Cu — S bond lengths in
the range 2.158(16) — 2.581(18) A. Local coordination
environments for Bi and Cu for Il are given in Figure 4. The thick
and thin slabs are joined by a shared S5 atom resulting in a
complex 3-D crystal structure. From the above discussion it is
now amply clear that makovickyite structures offer excellent
freedom in terms of tunable compositions and development of
disorder as a function of Cu and Pb substitution, which enable
independent tuning of the electrical and thermal properties and
make them ideal candidates for thermoelectric applications.
Transport properties

We selected one of the compositions to measure low
temperature electrical conductivity and Seebeck coefficients.
Thus, low temperature electrical conductivity and Seebeck
coefficient measurements were performed on compound Il in

This journal is © The Royal Society of Chemistry 20xx
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Figure 6: Temperature dependance of thermoelectric properties for compounds Ago 72Bis 4gCuo.8sSs, I, Ago.70Bis 30CuU1.3Ss, Il, and
Ago.34Bis54Cu1.08PbSs, IlI; (a) Electrical conductivity, (b) Seebeck coefficient, (c) Thermal conductivity, (d) Figure of merit.

the temperature range 5-300 K (Figure 5). An increase in the
electrical conductivity with temperature demonstrates the
semiconducting nature of compound Il. Compound Il exhibits a
moderate electrical conductivity of 60.7 S/cm at room
temperature. Large negative Seebeck coefficients that increase
linearly with temperature confirm the n-type charge carrier,
reaching a value of 95 pVK-! at 300 K. With these encouraging
low-temperature transport properties we proceeded to
investigate the high temperature TE properties of the three
compositions.

Figure 6 shows the temperature dependence of thermoelectric
properties for compounds | — Il in the temperature range 300 —
500 K. Compounds I, I, and Il exhibit room temperature
electrical conductivities of 112, 95, and 65 S/cm, respectively,
as shown in Figure 6a. Electrical conductivities did not change
much in the measured temperature range, though decreased
monotonically as in degenerate semiconductor. The electrical
conductivity values of I — Ill are comparable to many other
pavonite compounds, for example 79 S/cm for CdPb;BisSs (n =
4)16 and 42 S/cm for AgBisSs (n = 5) at 300K.17 Note that for
CdPb;BisSe,® which is n =4 and structurally same as I — lll also
exhibit a monotonic decrease of electrical conductivity with
temperature.
As observed
compounds I, Il and Il are negative and consistent with
electrons being the dominant charge carriers. Seebeck

in Figure 6b, the Seebeck coefficients for

This journal is © The Royal Society of Chemistry 20xx

coefficient of compound I is 70 uV/K at 300 K and increased to
112 pV/K at 500 K. The Seebeck coefficient of compound Il is 81
MV/K at 300 K and increased to 121 uV/K at 500K whereas
Seebeck coefficient of compound Il is 100 uV/K at 300K and
increased to 150 puV/K at 500K. The power factor (PF = S20) as a
function of temperature for all the three compounds are given
in Figure 7a. The power factors are in the range of 0.6 — 1.2
UW.cm~1K2 for compounds I — Ill which are in good agreement
with other pavonites, such as CdPb;BisSg (n = 4).16 The trend
observed in electrical conductivity and Seebeck coefficients can
be correlated. The Hall coefficient-derived carrier concentration
values are of the order of 1.025x102° cm~3 for compound Il and
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Figure 7. (a) Power factors (b) Lattice thermal conductivity
(kiaty for Ago72Bis.asCuossSs, 1, Ago.70Bis30Cu13Ss, I,
Ag0,34Bi4,54CU1,93Pb59, 111 from 300 to 475K.

and
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1.55x101° cm=3 for compound IlIl. Slightly higher carrier
concentration in compound Il compared to compound Il
resulted in an increase in the electrical conductivity and
decrease in the Seebeck coefficient, since the o is directly
proportional to the carrier concentration and S has an inverse
relation with carrier concentration. Small variations in the
values of electrical conductivity and Seebeck coefficient are
observed in the room temperature data between the low
temperature and above room temperature measurements
because of the use of different batch of samples.

Figure 6¢ shows kit in the temperature range 300 — 800 K for
compounds Il and Il and 300 — 500 K for compound I. These
compounds possess ultra-low thermal conductivities in the
range of 0.51 — 0.72 Wm™K. The room temperature thermal
conductivities are 0.72 Wm~1K for 1, 0.64 Wm~K for Il, and 0.61
Wm~IK for Ill. These values are comparable to the other
reported pavonite family compounds, for example, 0.8 Wm~1K
in LiSn;BisS10,> 0.6 Wm™K in AgBi3Ss,17 0.78 Wm~K in
CdPb3BisSe'® and 0.67 — 1 Wm~IK in MBisS7 (M = Mn, Fe)!® and
as well as to many state of the art chalcogenide thermoelectric
materials, for example, kit <1 Wm™K in Cu,,Se, 0.46 — 0.68
Wm-~IK in SnSe.?%4! The electronic contribution to the total
thermal conductivity can be calculated using kele = LoT
(Wiedemann—Franz law). kot can be calculated by subtracting
the electronic contribution from the total thermal conductivity
(Ktot = Kele + Kiat). The Lorenz number L is calculated using the
Seebeck coefficient via the equation L= 1.5 + exp [%] where L
is in 1008 WQK-2and S is in uV/K.42

Lattice thermal conductivity, kat, values for compounds, 1 — I,
(Figure 7b) are close to the kot values because of the negligible
electronic contribution, which corroborates well with the low
electrical conductivities. The room temperature Kt values are
0.65 Wm~IK for I, 0.58 Wm~K for Il, and 0.57 Wm~K for Ill.
Though there are significant differences in the electrical
conductivity and Seebeck coefficient values of compounds Il
and Ill, the kit values are similar, which suggest that there may
be opportunities to improve the electrical conductivity without
negatively affecting the thermal conductivity.

The and independent thermal
conductivity could originate from the very large anisotropic
thermal vibration of partially occupied, disordered copper
atoms, especially Cul, Cu3 in compound Il and Cul, Cu2 in
compound lll. Additionally, for 1l
anharmonicity due to the presence of stereo-active lone pairs

ultra-low temperature

strong vibrational

on Pb results in the lowest lattice thermal conductivity amongst
the three compounds. These extremely low kit values can be
attributed to a combination effect of the complex electronic
structure, mixed and partial occupancies, large unit cell
volumes, and vibrational anharmonicities within the lattice. The
partially occupied Cu atoms in the interstitial positions in the
thin layer may be considered as rattling of atoms in a cage-like
structure and can act as a source of enhance phonon
scattering.*344 However, to confirm this hypothesis, the nature
of Cu atoms in the interstitial positions needs to be evaluated
using phonon dispersion calculations. The zT values calculated
using the above transport properties are presented in Figure 6d.
The zT values are 0.09 for I and Il, 0.11 for Ill at 475K.

8| J. Name., 2012, 00, 1-3

Conclusions

Three quaternary complex chalcogenides, Ago.72Bis.4sCuo.88S9 (1),
Ago,7oBi5A30CU1,359 ("), Ag0A34Bi4A54CU1,93PbS9 ("l) were Synthesized
by substituting Cu and Pb for Bi in the makovickyite family with
general formula Ag@,.1Bi?%Bi®Bit,.2S:n+10. These materials are
indirect-gap n-type semiconductors with band gaps < 0.5 eV.
Inherent complex compositions and partial occupancies yield
very low thermal conductivities < 0.75 W.m™1K. Ultra-low
thermal conductivity coupled with a large Seebeck coefficient
and moderate electrical conductivity yielded a promising zT of
~ 0.1 at 475K. These pavonite phases would be ideal candidates
for substitutions with various divalent and trivalent metal atoms
for Bi to
conductivity, while adding additional disorder to further retain
the lattice thermal conductivity. The amount of interstitial Cu
can also be adjusted to tune the thermoelectric properties
accordingly. Furthermore, once the role Cu atoms play in
phonon suppression is understood, one can design an
appropriate system with balanced electrical and thermal
properties to achieve a higher zT.

increase carrier concentration and electrical
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