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Abstract

S-1N2,CuSs (0 < x< 0.40) bulks were prepared by solid-state readiowed by pulsed
current sintering. Fox < 0.20, X-ray diffraction indicated the formation sihgle phase,
while the secondary phase, J;Suwas observed for the samples prepared=g2.30 and
x = 0.40. The Cu-doping allowed us to optimize gwoaver factor in range of whole
measured temperature by reducing the low temperatlactrical resistivity. With the
significant reduction in lattice thermal condudyyia maximunZT of 0.51 at 700 K and
an averageT of 0.31 from 300 to 700 K were obtained for thenpke withx= 0.05,

which values are 0.3 and 1.2 times higher thandhgtistine sample.
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1. Introduction

Thermoelectric (TE) generators, which directdgnvert waste heat into useful
electrical energy, have attracted increasing attenin recent decades.[1-2] The
performance of TE materials are usually appraisethb dimensionless figure of merit
defined aszT = STp ™, whereS, p, x, and T represent Seebeck coefficient, electrical
resistivity, thermal conductivity and absolute temrgiure, respectively. The coupling
among three parameters §fp andx has hindered the dramatically enhancemerzTof
To greatly enhancgéT values, TE scientists have made efforts to deeoti@m through
two major strategies: (a) optimizing the carriencentrationn [3-5] under the band
engineering [6-8] for achieving high power facteF = S/p, and (b) nanostructure

engineering to reducewithout sacrificing the electrical transport proges. [9-11]

Some new chalcogenides, such as SnSe, SiS;, BiwS, and 1aSe;, had already
developed as promising TE materials.[4,12-19] Thaesapounds are known to possess
very low lattice thermal conductivity which majortpntributes to an effective increase
of the value oZT higher than unity. For example, the thermoelegirmperties of both
single and polycrystalline SnSe have been invastigavidely and extremely higBT
values were reported.[4,19-24] The extraordinddly lattice thermal conductivity about
0.2 - 0.3 WK™ was found in botlp- andn- type SnSe crystals to realize the extremely

high ZT values larger than 2.5. [4, 20-21]

Besides, a-In,Se is another typical chalcogenide with low lattichermal
conductivity <L ~ 0.8 Wni'K™ at room temperature. [14, 26-27] After the appiatpr

element doping, the, was reported to be decreased to extremely low vaflte0.3 Wm



'k at 916 K leading to a maximuHT of 1.24 at the same temperature.[26-27] However,

toxic chemical component Se afin,Serestricts its further application development.

Recently, 5-In,S; compounds which consist of cheaper and nontoxitursare
investigated as a good TE candidate due to thelddtice thermal conductivity and
decent electrical transport properties.[28,29),S; with space group d#:/amd is stable
at the room temperature. As temperature incredbeg#In,S; transforms intoa-1N,S;
(space groujpd 3’m) at 693 K and then tp In,Ss (space group? §m1) at 1027
K.[30] In our previous work, we reported thatype bulk sample of-In,S; prepared by
conversional solid state reaction method and pulsedent sintering achieved a
maximumZT of 0.38 at 700 K.[28] The first principles bandotdations and simulation
of electron transport properties with semi-cladsiBaltzmann transport equation
predicted thap-type -In,S; may possess a larg&i value of 1.4 with an appropriate
carrier concentration. [28] This fact suggests fRat,S; is a very promising TE material,
despite thatp-type samples are hardly obtainable because ofbtrmling nature of

valence band edge to generate S deficiency dunmgiaterial synthesis.

More recently, we employed alkali element Mg, whpbssesses less number of
valence electrons than In, as the partial substitot Into generate hole carriers. [29]
However, the prepared Mg dopgedn,S; bulks in various doping amount still showed
type behavior in range of whole measured temperatith a small amount of Mg
doping, the number of conduction electrons was $&womwereduced to increase the
magnitude of Seebeck coefficient and electricaktesty, but we did not reachegttype

condition within the solubility limit of Mg.



Notably, however, the significant reduction of theai conductivity brought about by
the Mg doping contributed for an increaseZdf up to 0.53 at 700 K indicating the
potential of enhancement il by element doping. Besides, few works were regorte
about the doping of other elements to reatizgpe 5In,S;. In this work, therefore, we
further investigated the TE properties 8tn,S; by employing Cu-doping. The element
dependence of doping effects on thermoelectric gntgs are discussed in comparison

with the rigid band model.

2. Experimental
2.1Synthesis
Pristines-In,S; and Cu dope@-In,S; were synthesized by means of conventional
solid-state reaction. High purity elements, In 8886, Grains), S (99.99%, Powder) and
Cu (99.9%, Powder), were weighed in the atomiorafiln: Cu: S=2:x:3 k=0,

0.05, 0.10, 0.15, 0.20, 0.30, and 0.40) and semled quartz tube with vacuum

atmosphere of about<L0° Pa. The quartz tube was heated up to 673 K inushthen
slowly heated up again to 773 K spending 10 houes/bid the rapidly evaporation of S.
In the third step, the quartz was heated up tolO@Bd kept at this temperature for 24 h,
then slowly cooling in the furnace down to the rommperature. The obtained ingot was
pulverized into powders, and consolidated againm@ans of pulsed current sintering
(PCS) at 873 K with a pressure of 30 MPa. For campa the element doping effects,
stoichiometric Ag doped (IAQo.2Ss) , Mg doped (InsMgo.2Ss), Sb doped (InsShy 2S3)

and Mg&Sb co-doped (InMgo 2Shy 2S3) samples are also prepared by the same process.

2.2 Characterization



The powder and bulk X-ray diffraction (XRD) patterwere measured to determine
the phases involved in the prepared compounds tree®) range from 10° to 60° by
using Bruker D8 Advanced diffractometer with Ca Kadiation. The microstructure and
composition of bulk sample were analyzed usingd~Eemission Scanning Electronic
Microscopy (FESEM), and Energy Dispersive X-ray @pescopy (EDS) (Suprab5
Sapphire, Zeiss, Germany).

Measurements d® andp were performed in a vacuum atmosphere from 30@@oK7
with a commercial Seebeek Measurement System, raetouéd by MMR technology,
and a standard four-probe method, respectively.tiéemal diffusivityD was measured
on the disk-shaped pellets of ©10 mm xt 1.0 mm in dimension using a laser flash
method (LFA 457 Microflash, Netzsch, Germany) fr@d0 to 773 K. The thermal
conductivity was calculated by use of the relatiopsx = D x Cp x d, whereCp is the
specific heat which was derived using a represeetaample of Pyroceram 9606 and the

d is the density of the sample measured by Archimeadethod.

3. Resultsand Discussion
Fig. 1a shows the powder XRD patterns for bulkgamInCuS; (0 < x < 0.40)
in different doping amount of Cu. All the sampbe® corresponding to the calculation
pattern of 5-In,S; phase,[31] which means the main phase was keptangekl for all
samples after the sintering process. Fig. 1b dyspilae magnified view of (109) peak at
20 range from 27to 28. Compare to the pristingIn,S; samples, all the peaks for Cu
doped samples shift to higher angle, indicatingsthiestitution of smaller Cu in the sites

of larger In in thes-In,S; phase. This fact is also confirmed by the varratd lattice



parameters and volume of unit cell as shown in2Ei§he covalent radius of €0.96 A)
and CG*(0.72 A) is also smaller than that ofr{1.44 A) which naturally led to the
decreasing lattice constant with increasing CueamniVith increasing Cu content upxo
= 0.20, the peaks were continuously moved to higingies suggesting the formation of
solid solution. Fox > 0.30, some additional peaks of secondary phasefs observed
at 2 ~ 27.8°. This fact indicates that the solubilityii of Cu in5In,S; is less thax =

0.3.

The XRD patterns for the samples wikl= 0.30 andk = 0.40 around the peaks of
(309) and (2 2 12) shown in Fig.1c also provedghecipitation of second phase(s). As
compared with the standard data base for all thesiple related compounds, we
identified the secondary phase as cuprous sul@deS, PDF#53-0522). The appearance

of CwS greatly impacted the TE properties which willdiscussed later.

Fig. 2 shows the lattice parameters and the ulivokume plotted as a function of
nominal Cu content for lCuSs (0 < x < 0.40). In this figure, the structure variation
caused by introducing Cu was roughly understooc @itystal structure of-In,S; is
tetragonal with long: axis about 32.30 A and shatandb axis about 7.62A in the
pristine sample. With increasing Cu contentlecreased from 7.62 A far= 0 to 7.55 A
for x = 0.30, and then increase againxar 0.40 most likely because the precipitation of
secondary phase changed the composition of masegha = 0.4 different fromx = 0.3.
The reduction of lattice parametawould be caused by the substitution of smaller Cu
for larger In. However, the lattice parameateshowed weak but non-trivial behavior to be
almost constant over the whole Cu concentratiofis Tt is difficult to understood as a

result of Cu-substitution for In, and therefore sostructure variations different from the



simple substitution of Cu for In are suggestedsTgoint will be discussed in more detail

with the variation of electron transport properties

Combining with the results of XRD patterns andidat parameter variation, we
safely draw a conclusion that the solid solubilityit of Cu in £-In,S; matrix is smaller
than 0.30, which is different from the Mg doped p&es reported in our previous work.

[29]

Fig.3a displays the back-scattered electron imag€é dopeq3-In,S; with x = 0.10.
Precipitation of secondary phases was not obsesheaying a good consistency with the
XRD pattern in Fig. 1. The corresponding elemenppiags for In, S and Cu on the
polished surface were observed for a representativgple X = 0.10) and displayed in
Fig. 3b-d. In, S and Cu were homogeneously disteidhuand no evidence was observed
for the formation of secondary phase. We also detexd the chemical composition
using EDS and found that In- and S- concentratiese 40.1 at.% and 58.8 at.%,
respectively. These numbers indicated that S d@efoyi was also unavoidable in this

work as those in our previous work [28-29].

Fig. 4 shows the temperature dependence of Seetmefficient S, electrical
resistivity p and power factoPF measured for nCuS; (0 < x < 0.40) samples.
Generally speaking, the precipitation of secondargse would greatly deteriorate the
electrical transport properties, therefore, we omlgasured the TE properties for the
single-phase samples obtained in the compositingeraf 0< x < 0.30. The negative

sign of Seebeck coefficient for all the samplesslaswn in Fig.4a, indicated that the



major carrier is still electrons even after introshg Cu in the same manner as that in the

Mg doped samples.

With increasing Cu content, the absolute valug af room temperature decreased,
the value from 22@VK ™ for x = 0 decreased to 190/K ™ for x = 0.05 and ~ 13aVK™
for x = 0.10 and 0.20. The temperature dependen&asnfuite similar withx = 0; that is
monotonically increased up the 600 K achieving aimam value. [28] The absolute
value of Seebeck coefficierff| |decreased with increasing Cu concentration ug to
0.20 at room temperature which may indicate theese ofn-type carriers: electrons.
Since Cu-substitution for In, which was confirmednfi the lattice constant and unit cell
volume, naturally leads to a reduction of electmmncentration, some other factors
increasing electron concentration should be constieOne of the possible mechanism
for the unusual Cu-concentration dependences @ the filling of Cu atoms in the
naturally existing ‘vacancy-sites’ gf-phase [28, 32]. Another possible factor is the
formation of sulfur defects. Notably, both factdesad to an effective increase of
conduction electrons. Once these effects wereatatlirthe effect of Cu-substitution for
In became obvious to reduce the electron concemtaand the sample of = 0.3

showed almost the same behavior of Seebeck caeffias that ok = 0.05.

Cu concentration dependence of electrical resigti@iso supports this scenario
which will be discussed later. The electronic smee calculations suggested that the
nature bonding betweem ®rbits of sulfur atoms anddsorbits of indium near valence
band maximum (VBM) would prevent us from easilyragiucing holes in5-1n,S;,[28]
and that the deficiency of sulfur compensates ¢dection of electrons by Mg-doping. In

this work, the carrier type is maintained to becetens due to the deficiency of sulfur as



detected by EDS, and the same mechanism was supjaoe realized in other Cu or Cd

dopeds-In,Sssingle crystals. [33]

Fig. 4b shows the temperature dependence of @aktasistivity forf-In,CuS;
(0 <x<0.30). Thep at 300 K became getting smaller with increasingcGucentration
up tox = 0.20. This fact is definitely consistent with thariation inSin terms of carrier
concentration variation. Fax = 0.30, the room temperature electrical resistiviias
turned up to increase to about 0Q@m which is several times higher than that of other
Cu doped samples. At the Cu concentration rang8.@ < x < 0.20, the electron
concentration was increased with increasing Cu usxghe Cu atoms filled the vacant
sites or the S-defects created. After taking makighectron concentration, it turned out

to decrease presumably because Cu-substitutidn &iated to have a dominant effect.

The temperature dependence of electrical resigtaldo changed with Cu doing.
The p (T) for x = 0 had described to follow the Mott’s variablenga hopping (VRH)
conduction mechanism generally observable for th@es under the Anderson
localization. [28, 34] Note here that Anderson laedion takes places when the highly
disorder structure is realized with small electra@nsity of states in the vicinity of Fermi
energy. As shown in the inset of Fig.4bof Cu doped samples no longer showed any
decreasing tendency with increasing temperaturegtadually increased at the almost
whole measurement temperature range and kept cordtave 600 K. This may indicate
that increased number of carriers in associatiah Wie Cu-filling in the vacant sites
and/or S-defects formation destroyed the localigiedes, and the itinerant states were
recovered to possess metallic electrical conductibhe localization tendency of

conduction electrons was again observablg at0.3, where the electron concentration



was effectively reduced due to the monovalent Chsstution for tri-valent In. The
degree of disordering ir = 0.3 was supposed to be much severe than thatstine
sample, and therefore the localization tendencyafecmore obvious im = 0.3. The
change in localized states near the bottom cormludtand which is governed sy p
orbits after Cu doped. To figure out this problemme theoretical calculations should be

performed in the future.

Combining with the variation ab and p discussed above, the calculates is
plotted as a function of temperature in Fig.4c. Hi&T) shows weaker temperature
dependence for Cu doped samples. Especiallys £00.05, the room temperatuRE- is
about 38Q:Wm™K™ which is six times higher than thatof 0, and the value increases
to about 60QWm™K? around 450 K. This result sufficiently proved ihetential ofs-

In,Szbased compound as a good TE material.

The thermal conductivity of Cu dopegtin,S; as a function of temperature are
shown in the Fig.5. The measured thermal condugtivior x = 0 was about 1.6 WhK™
Lat room temperature and gradually decreases witieasing temperature. The value of
k(300 K) also decreases with increasing Cu-conctoitraand it reached a half value of
pristine sample ak = 0.20 andx = 0.30, despite that metallic electrical conduction
recovered at largetvalues. This great reduction in thermal conduttiis attributed to
the reduction of lattice thermal conductivity cadi®g the disordering in association with
the Cu doping.

For further investigating the effect of Cu doping the transport of phonons, we

roughly eliminated the electrical thermal condutyiv, from the measured data using

the well-known Wiedemann—Franz lamy = LT/p, whereL represents a constant known

10



as the Lorenz number: 2.44 xX3@V'K™? The variation ofie; and x. are plotted as a

function of temperature in Fig.5b. The magnitudecgpshow in Fig.5¢c were kept small
over the entire temperature range of measuremeen, though the resistivities had been
effectively decreased by the Cu doping. This fagfinitely indicated that the thermal
conductivity was dominated by.

The very small magnitude af,;of all the samples especially at high temperatures
wound be caused by the strong anharmonicity ircéattibrations, that was also observed
in other chalcogenides. [12-21] With increasing comcentration, thec at room
temperature decreases from 1.2 Wit for x = 0.05 to 0.8 WK™ for x = 0.20 andk =
0.30 because of the increasing degree of struetnér chemical disorderings. Notably,
the differences become smaller as the temperaisese most likely due to the excited
phonons at high temperatures smeared the statictwte disordering. The curve of
Kiatf(T) for x = 0.30 is almost overlapped with thatof 0.20 in range of whole measured
temperature, which might indicate that the positdéradditional Cu atoms at = 0.30
was different from that in the samplesxaf 0.2.

With the electrical and thermal transport expental data plotted above, we deduced
the ZT values for IaxClSs (0 < x < 0.30) and plotted in Fig.6a. Due to the synemisti
optimization of electrical transport properties aeduction inkjy;caused by point defect
scattering after Cu doping, tlA values at 300 K for samples at low doping lewet(
0.05 andx = 0.10) significantly improve to 0.09 and 0.05spectively. While other two
samples show lower values than pristine one as Bfreare uncompetitive. For= 0.05,
the ZT value gradually arises with the temperature fro89Gt 300 K to 0.51 at 700 K,

the maximum value oZT, which is denoted a&Ta., became 30 % higher than that of

11



the pristine sample and comparable with Mg dopeapéss.

To evaluate the application prospect as a TE nadtdhie average value T,
which is hereafter denoted a8, iS considered, becausél,,. must be a more
important parameter thafil.«for the material performance in real applicatidnsFig.
6b, we compare th&Tmax and ZT,ye (from 300 to 700 K) of Mg doped and Cu doped
samples which perform the best TE properties witstipe 5-In,S;sample. The&ZTax is
generally improved up to 0.5 after doping with MgdaCu. This fact suggests that the
doping at In-sites is a good way to optimize thepEgformance. In sharp contrast to no
improvement of th&T,for the Mg, theZT,,e for Cu doped sample reaches 0.31, that is
more than two times larger than that of pristinel &g doped samples. This result
indicates that the Cu doping is a more preferablanprove the TE performance 6f
IN,Ss.

To further improve the TE properties fn,S;, we discuss here the strategies via
element doping. By now, we revealed that Mg andd@ping effectively improve the
thermoelectric performance gfIn,S;. To further understand the difference between Mg
and Cu doping, we compared the room temperaturgroferties among the pristine
sample, Mg doped and Cu doped samples on Tables hawn in the table, electrical
resistivity is more sensitive to the doping elersahian that of Seebeck coefficient. The
sign of Seebeck coefficient is kept negative evapleying thep-type doping due to the
unavoidable S deficiency or the filling of vacarsié is reported in previous work, the
valence band near the gap is mainly composeg afriitals of S atoms 8l orbitals and
the corresponding anti-bonding bands exist in tbedaction band at above 1.5 eV.

Hence, to optimize the transport properties of gHa,S;, the doping elements should

12



make change on the bonding nature of conductionvatehce band. By knowing that Cu
doping greatly affect the electrical transport migs on pristine samples, we consider
that the transition metal elements having the simelectron configuration with Cu will
be appropriate as doping elements.

Another strategy to enhan@d is to reduce the thermal conductivity. As shown in
Table 1, the room temperaturavas significantly decreased with the substitutedaped
atoms. This encouraged us to try different elendeping on both In and S sites. Figure7
shows thermal conductivity of samples with diffarglmping elements. Even with the
same doping amount, the reductionxo¥aried with elements. Comparing with the Cu
doped samples referred above, Mg and Ag doped sanaelfinitely show higher values
of x, while Sb-doped samples and (Mg, Sb) co-doped lesnghow lower magnitude of
k. It's worth noting that Sb-doping and (Mg, Sb)daping achieved an extremely low
about 0.5WrtK™ at room temperature which was lower than that o$tmof the state of
art TE materials. The relatively low thermal contiity may attribute to introduction of
heavy element Sb which is easier to be scatteecamd hindering the propagation of
heat. Unfortunately, however, the great reductior for Sb doping and (Mg, Sb) co-
doping samples did not bring any significant inseeafZT due to their poor electrical
transport properties.

From the facts mentioned above, we consider thehdu optimization of TE
performance fors-In,S; is possible through Sb and Cu co-doping becausk bb
electrical and thermal transport properties migghiicantly optimized in a very wide
temperature range. To realize this, more theolet@lgulations and experiments should

be done in the future.

13



4. Conclusion

S-IN2,CuSs (0 < x < 0.40) bulks were prepared by solid-state reaati@thod and
were sintered with pulsed current sintering techaigSecondary phase of Suwas
observed by X-ray diffraction when the doping ext€.30. Cu doping brought two
effects: significantly decreased in low temperateiectrical resistivity which led to the
optimization of power factor in range of whole me&sl temperature, and reduction
inlattice thermal conductivity due to the increasihegree of disordering. As a result,
ZTmax 0f 0.51 at 700 K andT,. of 0.31 from 300 to 700 K were obtained for thenpke
with x= 0.05. TheZT,e is 1.3 times higher than that of pristine and Mgped samples
indicating Cu doping is more efficiently way to opize the TE performance @gfIn,S;.
Hence, through element doping to further optim@atof TE performance fgf-In,S; is
possible as both of electrical and thermal trartspooperties can be significantly

optimized in a very wide range.
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Figure captions

Fig. 1 (a) Powder XRD patterns for bulk samplerefCuS; (0< x < 0.40) and (b)
expand view of patterns wittf2ange from 27-28; (c) expand view of patterns witl$ 2
range from 4652 to display the tiny trace of second phaseSCia the sample witk =

0.30 andk = 0.40.

Fig. 2 (a)-(b) Lattice parameters and(c) volumemt cell as a function of nominal Cu

concentration for InCuS; (0<x < 0.40).

Fig. 3 (a) Back-scattered electron image for Cuedigpin,S;withx = 0.10. (b)-(d)
Mappings for the elements In, S and Cu on the petissurface of this representative

sample.

Fig.4 Temperature dependence of electrical trangpoperties (a) Seebeck coefficient;

(c) electrical resistivity; (d) power factor forlfCuS3(0 < x < 0.30) samples.

Fig.5 Temperature dependence of thermal transpopepties (a) thermal conductivity (b)
lattice thermal conductivity and (c) electricaltimal conductivity for IaxCuS;(0 < x <

0.30) samples.

Fig.6 (a)ZT values as a function of temperature foruSz(0 < x < 0.30) samples; (b)

comparison o¥TyaxandZT,e (from 300 to 773 K) for pristine 4%, Mg doped

(In1.09Md0.0sS3) and Cu doped (kbsCuo.055s) 1N2Ss.

Fig.7 Comparison of thermal conductivities for digint elements dopgtdin,S;samples
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Table 1 Comparison of pristing-In,S;, Mg doped and Cu doped,# room temperature
TE propertiesZTmax, ZTavd(300 to 700 K). Nominal composition for Mg dopediadu

doped InS; areln 9gMgo 0553 and In 9sClp 0553, respectively.

Sample SuVK™h)  pQem) PF(UWm'K?)  k(Wm'K?Y i (Wm'KY)  ZTmax ZTae

IN2Ss 218 0.08 58 1.63 1.62 0.38 0.14
Mg doped 246 0.123 49 1.51 1.506 0.53 0.12

Cu doped 191 0.009 372 1.23 1.16 0.51 0.31
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S-1n2CuyS; bulks with high thermoel ectric performance were prepared.

Both the electrica resistivity and lattice thermal conductivity reduced after Cu
doping.

ZT aeisgreatly enhanced after Cu doping.

Cu doping is an efficiently way to optimize the thermoel ectric performance of £-1n,Ss.



