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Abstract

Cuprous chalcogenide, Cu,Se, attracted attention due to its large Seebeck coefficient coupled with low thermal conductivity,
facilitated by the presence of disordered Cu-ions in the structure of Cu—Se. This compound is thermally unstable prompting
investigation of its analogue Cu,Te which has a lower figure-of-merit zT due to its high charge carrier concentration. In the
present work, a dual substitution, both cation and anion by Li and Se, respectively, has been attempted to enhance zT. The
Cu,_,Li,Te,_,Se, alloys have been synthesized by a simple, conventional arc melting process and investigated without sub-
jecting to any further processing. The room temperature microstructure shows a plate-like layered nanostructure in the grains
with the grains oriented in random directions. The alloys at room temperature have two polymorphic phases, superstructured
hexagonal and orthorhombic, co-existing in all the alloys. The alloys exhibit a degenerate semiconducting behavior in the
range 300—1000 K with the conductivity decreasing from~3000 Scm™! to 700 Scm™!. All the alloys show a hole dominant
Seebeck coefficient which increases with temperature from ~ 30 to 135 pVK~!. The alloy with dual substitution, Li-0.1 and
Se-0.03, has the highest power factor of 1.6 mWm™' K2 at 1000 K. It’s low thermal conductivity in the complete range < 1.5
Wm~! K~! results in increasing the zT to 1.0 at 1000 K, an increase of 130% compared to the undoped alloy. These alloys
are found to be thermally and temporally stable with no significant power loss either due to thermal cycling or aging.

1 Introduction changes the physical properties and hence zT [12]. The alloy

Cu,Te which belongs to this class of cuprous chalcogenide has

Chalcogen alloys have been an important class of materials
for thermoelectric energy conversion starting with Bi,Te; and
PbTe [1-5]. Among these, the binary cuprous chalcogenide
alloys Cu,X, X=S§, Se and Te have recently attracted attention
due to the unique thermal transport shown by Cu,Se [6-10].
This alloy has a layered structure formed by Cu-Se, while the
Cu ions are distributed randomly between these layers at high
temperatures. This disordered arrangement of Cu™ ions leads
to very low lattice thermal conductivity and coupled with the
high Seebeck coefficient results in high figure-of-merit zT at
high temperatures [11]. The negative impact of loosely bound
Cu™ ions is its thermal stability and reliability. Also, thermal
cycling and aging has been found to result in Se loss which
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been investigated for high-temperature thermoelectric appli-
cation as it has similar layered structure. The main advantage
of this alloy has been its relative thermal stability compared
to Cu,Se [13, 14]. Its thermoelectric performance however
is far inferior compared to Cu,Se due to its inherently large
charge carrier concentration which increases both electrical
and thermal conductivities and reduces the Seebeck coeffi-
cient. This apparently high carrier concentration however is
found to be non-intrinsic and depends on the method of syn-
thesis. The SPS processed alloy has a carrier concentration
of 10?! cm™3 which decreased to 10*° ¢cm™ for a non-SPS-
processed sample [15]. The reduced carrier concentration not
only decreased the thermal conductivity but also increased
the Seebeck coefficient. At room temperature, Cu,Te has been
found to exist in two different polymorphic forms—hexagonal
and orthorhombic and the fraction of these phases has an effect
on the thermoelectric properties [13]. These results clearly
indicate that transport properties in Cu,Te are governed by the
type of polymorphic phase present and the nature of defects
in this phase. An alternative strategy which has been used to
enhance the performance of Cu,Te is partial substitutions as
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well as introduction of over-stoichiometric elements which
should reduce the effective charge carrier concentrations
[16, 17]. Partial substitution of Cu with Sn which has more
valence electrons to donate and hence reduce the effective
hole concentration leads to reduced electrical conductivity
but also reduced thermal conductivity which further leads to
an increased figure-of-merit. A similar phenomenon has been
observed in Ag-over doped Cu,Te wherein conductivities were
significantly reduced. Substitution of Cu with Ga in Cu,Te is
found to enhance thermoelectric performance increasing See-
beck coefficient and electrical conductivity through simulta-
neous decrease of carrier concentration and increasing carrier
mobility [18]. Recently, thermoelectric figure-of-merit is also
reported to be enhanced by >300% by introducing up to 50
wt% of Ag,Te in Cu,Te, which is primarily due to reduction
in charge carrier concentration [19]. A zT value of ~1 has
been achieved in In-substituted Cu,Te by alloying it with pris-
tine compound [20]. Apart from improving zT value, low cost
and facile synthesis processes of synthesizing thermoelectric
materials are also important. In general, synthesis processes
of single-phase chalcogenides happen to be rigorous and time
taking [15]. At first, elements in stoichiometric ratio are melted
followed by annealing of the ingot for a long period of time
in a vacuum-sealed quartz tube. The ingot then is ground into
powder and consolidated into pellets using spark plasma sin-
tering at high pressure. A modified one-step synthesis of chal-
cogenides using arc melting technique would be much faster
and cost effective.

In the present work, a dual substitution strategy has
been used together with simple and minimal processing
to increase the figure-of-merit. The divalent Cu has been
substituted with monovalent Li, while Te has been partially
substituted with isoelectronic Se. The monovalent Li is
highly electropositive compared to Cu and hence results in
an increase in ionic character of bonding between Li and Te.
This should lead to a decrease in effective charge carriers
and thus decrease electrical and thermal conductivity while
enhancing the Seebeck coefficient. This effect is anticipated
to be more predominant compared to the simple effect of
monovalent substitution in divalent sites which results in
increasing the effective charge carrier concentration. Se
on the other hand is isoelectronic with Te and hence is not
expected to alter the charge transport properties significantly.
The thermal conductivity of these doped alloys is expected
to decrease due to enhanced alloy scattering of phonons.

2 Experimental methods
The Cu,_,L1,Te,_,Se, (x=0, y=0; x=0.1, y=0; x=0.1,
y=0.03) alloys have been synthesized by conventional arc

melting in Ar atmosphere using high-purity elements. Before
melting, a cylindrical stack of elements was made by cold
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pressing the required amount of elements. The higher melt-
ing Cu was at the top of the stack, while the lower melting,
high vapor pressure elements Te, Se and Li were at the bot-
tom. Since arcing takes place at the top, loss of high vapor
pressure elements Te, Se and Li is minimized by adopting
this stacking sequence for melting. The resulting ingot was
flipped and melted several times in order to homogenize the
alloy completely. The structural and physical properties of
the as-prepared alloys were investigated without subjecting
them to any further elevated temperature, treatment or con-
solidation. The density in all the cases was found to be nearly
100% with respect to that of the theoretical density of ~7.3
g cm~>. The elevated temperature Seebeck coefficient and
electrical resistivity were measured in Helium atmosphere
using ZEM-3 M8 system. Temperature-dependent thermal
diffusivity and heat capacity were measured using Netzsch
LFA-457 and DSC 204 F1 systems, respectively. The micro-
structural analysis was performed using a combination of
X-ray diffraction, scanning electron microscopy, energy dis-
persive X-ray spectroscopy (EDS) and inductively coupled
plasma atomic emission spectroscopy (ICP-AES).

3 Results and discussion

The alloy Cu,Te exhibits several polymorphic forms and at
room temperature some of them have been found to coexist
[21]. In order to check the presence of these polymorphs,
X-ray diffraction was performed and the results are shown
in Fig. la. The diffraction pattern could be indexed to the
presence of two phases—a hexagonal phase belonging to the
space group P3m1 and an orthorhombic phase with a super-
structure. A comparison of the diffraction patterns from the
3 different alloys with the standard diffraction patterns from
hexagonal and orthorhombic polymorphs clearly shows that
both forms are present in the alloys in significant fractions.
These results clearly show that presence of polymorphic
forms as well as their volume fractions depends on process-
ing methodology and the actual chemical composition of
the alloys. The lattice parameters of this hexagonal phase
are: a=0.936 nm and ¢=2.163 nm corresponding to a c/a
ratio of 2.59, far higher than the ideal value of 1.63. This is
due to the presence of loosely bound Cu-ions in between
the Cu-Te layers which tend to extend the lattice along
the c-direction. This hexagonal phase has a superstructure
whose unit cell parameters are a =2a, and ¢ =3c, where a,
and c, are the unit cell parameters of the Nowotny phase
[22, 23]. The orthorhombic phase has the unit cell param-
eters of a=0.732 nm, b=2.224 nm and ¢=3.646 nm. The
large value of unit cell parameters clearly shows the effect of
defects in these structures such as vacancies and twins. The
fractured surface shows clearly the layered plate-like mor-
phology, Fig. 1b, present in each of the grains. These grains
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Fig.1 a The X-ray diffraction pattern from the undoped and doped
alloys show clearly identical patterns indicating the presence of simi-
lar phases in all the alloys. A comparison with standard patterns from
hexagonal and orthorhombic polymorphs (shown at the bottom) of
Cu,Te confirms the presence of these two phases in the three alloy.
b The scanning electron micrograph of the fractured surface shows
plate-like morphology of the grains in undoped alloy. The layered
morphology is present in all the grains indicating that this is inher-
ent growth behavior of Cu,Te independent of crystal structure of the
polymorphs

with plate-like layered morphology are randomly distributed
and indicate typical as-solidified microstructure with no pre-
ferred orientation or alignment. An interesting feature is that
all the grains have plate-like layered morphology irrespec-
tive of their crystal structure. The chemical composition of

the alloys determined by energy dispersive X-ray spectros-
copy in the scanning electron microscope is given in Table 1.
The chemical composition shows a slight loss of Te, Se and
a significant loss of Li due to evaporation during the arc
melting process of alloy making. This results in excess Cu
being present in all the alloys compared to the stoichiometric
composition limit. The presence of excess Cu and the for-
mation of hexagonal and orthorhombic polymorphs is quite
unusual. It has been reported that formation of Cu vacancies
by phase separation to Cu,_gsTe and Cu, leads to stabilization
of non-Nowotny structures such as monoclinic or tetragonal
and trigonal [23, 24]. At a non-stoichiometry ¢ of 0.20-0.22,
a structural transition has been observed into an hexagonal
superstructure stabilized by vacancies. The number density
of vacancies has been found to reduce as 8 — 0 and the alloy
becomes near stoichiometric. Hence, the formation of phases
with hexagonal superstructure and orthorhombic structure in
non-stoichiometric compound such as Cu,_sTe in the present
work clearly indicates that excess Cu is present in the form
of interstitials and in between Te layers. The hexagonal and
orthorhombic structures can be stabilized either by the pres-
ence of Cu vacancies or interstitials.

The high-temperature thermoelectric properties of sub-
stituted alloys and the undoped alloy have been investigated
as a function of temperature in the range 323-1023 K and
compared with the reported values of undoped Cu,Te. The
variation of electrical conductivity with temperature is
shown in Fig. 2a together with the results of undoped alloy
electrical conductivity reported in Ref. [16]. The undoped
alloy synthesized in the present work has lower electrical
conductivity at all temperatures compared to earlier reported
values. This is because the undoped alloy synthesized in
the present work has two polymorphic phases and slightly
excess Cu compared to stoichiometric limit. This excess Cu
leads to a decrease in vacancies and thus hole density and
an increase in charge carrier scattering. This phenomenon
is further observed in the doped alloys also which exhibit
a lower electrical conductivity compared to the undoped
alloy. The low-temperature coefficient of resistivity of all
the alloys is an indicator of heavily doped degenerate semi-
conductor behavior. The single-doped alloy, Cu, 4Li, ;Te,
has a slightly lower conductivity at all temperatures com-
pared to double-doped alloy, Cu, ¢Li, ;Te, g7S€ o3, possibly
due to a small variation in vacancy and hence charge carrier

Table 1 The chemical composition, at. %, of the different alloys undoped, single doped and double doped obtained by energy dispersive X-ray

analysis in the Scanning Electron Microscope is given

Nominal Composition of alloys Cu (at. %) Li (at. %) Te (at. %) Se (at. %)
Cu,Te 70.49 0 29.51 0

Cu, oLi,,Te 70.72 0.82 29.28 0

Cu, 4Lij Teg ¢75¢€0.03 69.10 1.05 28.97 1.92
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Fig.2 a Electrical conductivity o of all the alloys has a degener-
ate semiconductor temperature dependence. The undoped alloy has
a higher electrical conductivity at all temperatures, while the pure
Cu,Te alloy reported in literature Ref. [16] has the highest values.
The low-temperature dependence observed in the present work is due
to an extrinsic behavior. b The Seebeck coefficient a increases with
increasing temperature for all the alloys. The single-doped alloy has
the highest « compared to the double-doped alloy while the undoped
alloy has the lowest a

concentration. The substitution of Te with isoelectronic Se
does not change effective carrier concentration and so has no
effect on electrical conductivity. The Seebeck coefficient of
all the alloys is positive in the complete temperature range
due to hole dominant charge transport. It increases with
increasing temperature, Fig. 2b, and the absolute value of
Seebeck coefficient of undoped and doped alloys is higher
than reported values (Ref. [16]). The Seebeck coefficient
of single-doped alloy, Cu, ¢Li, ;Te, is the highest, in agree-
ment with electrical conductivity results. The temperature
dependence does not exhibit a peak or saturation behavior
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Fig.3 a The specific heat capacity C, of the undoped alloy exhib-
its 5 distinct transitions at 520 K, 600 K, 635 K, 750 K and 850 K.
These represent equilibrium polymorphic transitions which are also
observed in both single-doped and double-doped alloys but at slightly
different temperatures. b The total thermal conductivity k determined
by measuring specific heat capacity, thermal diffusivity and den-
sity is shown here. The double-doped alloy has the lowest k varying
between 1 Wm™' K~! to 1.75 Wm™! K~!

in the range 323-1023 K indicating the robustness of charge
carriers and bipolar nature does not manifest for T <1023 K.
The variation of specific heat capacity Cp of the 3 alloys is
shown in Fig. 3a and shows clear structural phase transi-
tions at 5 distinct temperatures. These transition tempera-
tures are nearly identical in the undoped and single-doped
alloys, Cu,Te and Cu, ¢Li, Te, respectively, while they are
reduced in the dual substituted alloy. These polymorphic
transitions are equilibrium in nature and have been observed
earlier by a combination of techniques—calorimetry, X-ray
diffraction and transmission electron microscopy [25]. The
transition temperature is a function of the chemical composi-
tion including vacancies which in turn changes the carrier
concentration [26]. Even in undoped alloys, the transition
temperatures have been observed to vary depending on the
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method of synthesis as well as the extent of non-stoichiome-
try. The thermal conductivity has been determined by meas-
uring the specific heat capacity and thermal diffusivity and is
shown in Fig. 3b. The thermal conductivity of undoped alloy
varies very little with temperature—3 Wm~! K=! at 323 K to
2.75 W m~! K~! at 1023 K but has a clear peak between 500
and 700 K and reduces to a lowest value of ~1.6 Wm™' K~!
at~630 K. This behavior is observed even in the single- and
double-doped alloys but at slightly different temperatures. In
general, thermal conductivity of doped alloys is much lower
compared to the undoped alloy at all temperatures. The dou-
ble-doped alloy has the lowest thermal conductivity with
the lowest peak value reaching ~0.75 Wm~! K~! at 630 K.
These results clearly show that double doping affects phonon
scattering much more compared to charge carrier scattering.
The absence of a clear peak-like behavior in charge transport
phenomena, electrical conductivity and Seebeck coefficient,
shows that polymorphic structural transitions do not change
the electronic band structure significantly. The variation of
these properties is rather monotonous with temperature.

The variation of power factor, Fig. 4a and figure-of-
merit zT, Fig. 4b of all the different alloys together with
literature values of undoped alloy are shown with respect
to temperature T. The power factor of single-doped alloyed
for T <800 K is highest among all the alloys due to its
high Seebeck coefficient. For T > 800 K, the double-doped
alloy is highly promising. The figure-of-merit which con-
siders thermal conductivity together with the power factor
shows clearly that double-doped alloy has the best perfor-
mance parameters at high temperature due to its low ther-
mal conductivity. The power factor of this alloy is~ 16
pWem™! K72, ~33% higher compared to the undoped alloy,
12 pWem™! K2, synthesized in the present work. The zT of
this undoped alloy is enhanced by ~50% by single-element
doping, i.e., Li, which increases further to~ 1.0 at 1023 K
due to double doping with Li and Se for Cu and Te, respec-
tively. These results clearly show the potential of these alloys
for thermoelectric energy conversion. To check the stabil-
ity and reproducibility of the dual-doped alloys, electrical
conductivity and Seebeck coefficient were measured after
few months. It was found that the data were reproducible
within experimental variations and there was no significant
hysteresis between heating and cooling.

The charge transport and hence the electronic band struc-
ture are strong functions of chemical composition of Cu,Te
[17]. The stoichiometric alloy has been reported to be unsta-
ble to decompose to Cu,_sTe and Cu leading to the formation
of Cu vacancies. Formation of these vacancies changes the
alloy from being semiconducting with a band gap of 0.26 eV
to becoming a heavily doped system with hole dominant
charge transport. The vacancy defects have been predicted
to push the Fermi level deep into the valence band resulting
in the formation of a doped semiconductor with holes as
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Fig.4 a Power factor of single-doped alloy with the nominal com-
position Cu,oLi,,Te has the highest power factor for T<800 K
compared to other alloys, while the double-doped alloy is good for
T>900 K. The figure-of-merit zT shown in b however is highest for
T>700 K for the double-doped alloy due to its low thermal conduc-
tivity

charge carriers and exhibiting a metallic behavior. Hence,
substituting Cu in this alloy with elements such as Ag and
Sn stabilizes Fe and thus leads to reduced vacancies and car-
rier concentration. The reduced carrier concentration leads
to lowered electrical conductivity, a relatively higher See-
beck coefficient and hence a higher zT. In the present work
however, there is no clear indication for the presence of Cu
in any of the 3 alloys—undoped, single doped and double
doped either in the X-ray diffraction patterns or the micro-
structure as observed in scanning of electron microscopy.
The chemical composition of the alloys determined using a
combination of ICP-AES and EDS clearly shows an excess
of Cu over the stoichiometric value. The results clearly show
that the alloys do not have Cu vacancies but instead excess
Cu in the crystal. The additional Cu together with Li results
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in charge carrier scattering, while substitution of isoelec-
tronic Se results in phonon scattering. A combination of
these phenomena leads to decreased electrical and thermal
conductivities, an increased Seebeck coefficient and hence
an enhanced figure-of-merit zT.

4 Conclusions

The thermoelectric properties of Cu,Te have been enhanced
by double doping at both the sites, i.e., Cu and Te. The dop-
ing at Cu sites is with a monovalent alkali metal Li, while
that at Te sites is with an isoelectronic chalcogen Se. At high
temperatures, the double-doped alloy however exhibits a
superior performance due to its lower thermal conductivity.
These substitutions have been found to be highly effective
in reducing the total charge carrier concentration as well as
increase their mass, which results in reducing electrical con-
ductivity and increasing the Seebeck coefficient compared to
the undoped alloy. The formation of an over-stoichiometric
Cu,Te with excess Cu results in reducing the Cu vacancies
and thus the charge carrier concentration significantly. The
thermal conductivity reduction is due to alloy scattering
phenomenon introduced by Li and Se. Addition of Li also
changes the nature of its bonding with Te to ionic, compared
to the predominantly covalent bonding between Cu and Te.
In order for this alloy to become viable for practical applica-
tions, the medium temperature figure-of-merit also needs to
be increased so that it can exhibit a high zT over the whole
temperature range.
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