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Abstract

Chalcogenide semiconductors continue to be of prime interest for designing novel efficient
materials for energy-conversion applications. Among them, the narrow-band-gap p-type
semiconductor InTe exhibits high thermoelectric performance that mostly stems from its poor
ability to transport heat. Here, we show that its thermoelectric figure of merit can be further
enhanced by finely tuning the hole concentration through Pb doping. X-ray diffraction and
scanning electron microscopy performed on the polycrystalline series Inj..Pb,Te confirm that
Pb substitutes for In with an estimated solubility limit below 1%. Pb acts as a donor-like
impurity, driving the degenerate behavior of pristine InTe towards semiconducting-like
properties. The enhanced disorder caused by this substitution increases point-defect scattering
of phonons, leading to reduced lattice thermal conductivity. The resulting increase in the power

factor and decrease in the phonon transport to values as low as 0.22 W m™! K-! above 700 K



yields a peak ZT value of 1.05 at 780 K for x = 0.1% along the direction parallel to the pressing
direction. According to a single parabolic band model, this sample exhibits a near-optimal

thermoelectric performance.

1. Introduction

Thermoelectric materials have the ability to convert heat into electrical power and vice versa,
providing a versatile technology for power generation and solid-state cooling applications.!
The conversion efficiency of thermoelectric devices is primarily governed by the dimensionless
figure of merit ZT defined at an absolute temperature T as ZT = a?T /pk.""* High efficiency
requires to achieve simultaneously a large thermopower (or Seebeck coefficient) a, low
electrical resistivity p, and low total thermal conductivity k. Heavily-doped semiconductors
with high structural complexity usually possess the most favorable combination of these three
mutually-incompatible  properties.!*  Fulfilling these requirements, chalcogenide
semiconductors are a prospective area of research for identifying and designing highly-efficient
thermoelectric materials thanks to their chemical robustness that allows for a wide variety of
substitutions to be experimentally realized.>>3 Several strategies have been devised to enhance

the power factor a?/p, a list that includes magnetic ion doping”® and band structure engineering
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tools such as band convergence,”!! resonant levels or energy-filtering effects.
Alternatively, another arsenal of techniques has been developed to reduce the lattice thermal
conductivity k; (k = Kk, + Kk, with K, the electronic contribution) down to its minimum using
solid solutions, nanostructuring or the formation of precipitated phases at various length
scales.?*2> Many of these phases show the remarkable ability to poorly conduct heat due to their
unusual bonding properties.>® For optimized compositions, higher thermoelectric performance

with respect to state-of-the-art thermoelectric materials was achieved, with peak Z7 values over

1.0 in the 600 — 1000 K temperature range.”>>



Among binary chalcogenide semiconductors, InTe stands out due to its very low lattice
thermal conductivity of 0.25 W m™ K-! at 800 K, consistently measured in both single-
crystalline and polycrystalline samples.’*** Inelastic neutron scattering experiments have
demonstrated that this remarkable trait is tied to disordered, rattling-like In" cations located in
tunnels formed by the infinite linear chains of edge-sharing (In**Tes*) tetrahedra building the
tetragonal crystal structure (space group /4/mcm, No 140).%° This structural characteristic gives
rise to low-energy optical modes that strongly limit the phase space available for acoustic
phonons and hence, the ability of the lattice to transport heat. Electronically, pristine InTe
behaves as a weakly-degenerate p-type semiconductor with an optical band gap on the order of
0.3 eV at 300 K.3** The self-doping is presumably due to a small amount of native In vacancies
that shifts the chemical potential near the edge of the valence bands, yielding a finite density of
states at the Fermi level.?* This combination of semiconducting-like electronic properties and
reduced lattice thermal conductivity results in high Z7 values of up to 0.85 at 800 K in
polycrystalline samples.343743

Given the large number of possible aliovalent substitutions on the In or Te site, alloying
is a possible route to further tuning the hole concentration and reducing the lattice thermal
conductivity. Here, we investigate the influence of Pb, that maximizes mass and size contrast
on the In site, on the high-temperature thermoelectric properties of polycrystalline InTe. Low
concentrations of Pb, that acts as a donor impurity, allows for further adjustment of the hole
concentration, progressively driving the degenerate properties of InTe towards a
semiconducting state. By pushing the intrinsic regime towards higher temperatures, a
concentration of Pb as low as 0.1% yields enhanced thermoelectric performance, with a peak

ZT value of 1.05 at 780 K measured along the direction parallel to the pressing direction.



2. Experimental details

All the handling of the elements and materials was carried out in a dry, Ar-filled glove box.
Polycrystalline samples of Ini_.PbsTe (x = 0.0, 0.10%, 0.25%, 0.50% and 1%) were synthesized
by direction reaction of high-purity In (5N+, 99.999%), Te (5N+, 99.999%) and Pb (5N,
99.999%) at high temperatures in sealed silica tubes. Prior to use, the elements were purified to
remove any traces of oxides. To this end, In was successively washed in dilute acid and distilled
water baths. Te or Pb shots were loaded into degassed silica tubes, sealed under inert
atmosphere, and heated above the melting point temperature. The tubes were dwelt for 2 h
before being quenched in room-temperature water. Traces of oxides were removed by polishing
the surfaces of the resulting ingot, which was subsequently ground into fine powders. The
purified In shots and Te and Pb powders were weighed in stoichiometric quantities and loaded
into a pre-evacuated silica tube sealed under secondary vacuum. The tubes were placed in a
rocking furnace for 15 h at 1023 K before being quenched into room-temperature water. The
resulting ingots were hand-crushed into fine powders using an agate mortar. The powders were
densified by spark plasma sintering (Dr Sinter 515S SPS Syntex Inc.) at 773 K in a graphite die
for 15 min under a uniaxial pressure of 50 MPa. For all samples, the experimental density of
the cylindrical pellets, determined from their weight and geometrical dimensions, was found to
be higher than 97% of the theoretical density from X-ray diffraction data.’> Bar-shaped (~8x2x2
mm?), disc- (¢ = 10 mm, h = 1.5 mm) and square-shaped (6x6x1.5 mm?®) samples were cut from
the consolidated pellets using a diamond-wire saw. Because InTe crystallizes with a tetragonal
crystal structure (space group 14/mcm), the transport properties are direction dependent in both

polycrystalline and single-crystalline compounds.33-34-37:42.43

For this reason, samples were cut
parallel and perpendicular to the SPS pressing direction (Figure S1 in ESI).
The phase purity and crystal structure of the samples were determined at 300 K by powder

X-ray diffraction (PXRD) using a Bruker D8 Advance Diffractometer (Cu Ko radiation). The



chemical composition and homogeneity was investigated by scanning electron microscopy
(SEM) and electron dispersive X-ray spectroscopy (EDXS) using a Quanta FEG microscope.
Hereafter, the nominal Pb contents will be used to label the samples.

Hall effect measurements were performed on the bar-shaped samples at 300 K with a
four-probe configuration using the ETO option of a physical property measurement system
(PPMS, Quantum Design). Good electrical contacts were realized by brazing copper wires onto
the samples with a tiny amount of low-melting point braze. The Hall resistivity py; was
determined by measuring the antisymmetric component of the transverse electrical resistivity
Pxy under magnetic field (uoH) reversal following the formula py = [pxy(+y0H ) —
Py (—toH )] /2. The Hall coefficient Ry was derived from the slope of the py (¢oH) data for
magnetic fields — 1 < ygH < 1T. The Hall hole concentration py and Hall mobility uy were
determined from the single-carrier relations py = 1/Rye and uy = Ry /p where e is the
elemental charge. Regardless of the Pb content, no significant anisotropy was observed in
the Ry values. Thus, the py; and py values inferred from the above-mentioned formulas provide
reasonable estimates of the actual values.

The thermal diffusivity a was measured on the disc-/square-shaped samples between 300
and 800 K using a Netzsch laser flash instrument (LFA 427). Prior to measurements, the
samples were spray-coated with a thin layer of graphite to ensure a homogeneous signal
absorption and emission on the respective surfaces. The thermal diffusivity was used to
calculate the total thermal conductivity k via the formula k = aC,d where C,, is the specific
heat and d is the experimental density. C,, was approximated by the Dulong-Petit law C,, =
3NR where N is the number of atoms per formula unit and R is the gas constant. The
temperature dependence of the density was not taken into account. The thermopower and
electric resistivity were measured simultaneously between 300 and 800 K using a ZEM-3

apparatus (Ulvac-Riko) on the bar-shaped samples. The experimental uncertainties in k, a and



p are estimated to be 10, 5 and 5%, respectively, giving rise to an overall uncertainty of 17% in
the ZT values.* Due to the small degree of anisotropy in p and a for all samples, the discussion
of the transport properties will be based on the measurements performed along the direction
parallel to the pressing direction, that is, the direction along which the thermoelectric
performance is the highest. Measurements performed along the perpendicular direction are

shown in Figures S2 to S6 in the ESIL.

3. Results and discussion

The PXRD patterns (Figure 1) for x < 0.50% can be fully indexed with the tetragonal crystal
structure of InTe, with no obvious secondary phases detected. For x = 0.50 and 1%, two weak
reflections that correspond to the binary PbTe appear, suggesting a low solubility limit of Pb in
InTe. SEM images collected in backscattered electron mode and the corresponding elemental
X-ray mapping (Figures S7 and S8 in ESI) confirm the absence of secondary phases and the
homogeneous spatial distribution of the three elements, except for the x = 0.50 and 1% sample
for which small Pb-rich areas can be observed. The unit cell volume V tends to increase with
increasing x up to 0.50% (Figure S9 in ESI), in agreement with the larger atomic radius of Pb
(175 pm) compared to In (167 pm). The lower value of V for x = 1% compared to that of the x
= 0.50% sample indicates a lower actual Pb content, in agreement with the PXRD and SEM
analyses.

The hole concentration py decreases by one order of magnitude at 300 K upon increasing
the Pb content from 4.5x10' ¢cm™ for x = 0.0 to 2.8x10'® ¢cm™ for x = 1%, indicating that Pb
acts as a donor impurity in InTe. One exception to this general trend is the x = 0.10% sample
that exhibits a slightly higher hole density (py = 6.7x10' cm™) compared to pristine InTe. The

higher py of this sample hints to the formation of additional hole-like defects, possibly



promoted by the introduction of Pb. As an alternative scenario, Pb*" might preferentially
substitute for In*" cations in the (In*'Tes?) tetrahedra at low doping levels. In contrast, py
decreases with increasing x for x > 0.25%, indicating that Pb?" occupies the site of the In*
cations in the large tunnels delimited by the infinite chains of edge-sharing tetrahedra running
along the ¢ axis. For all samples, the Hall mobility uy remains very low (varying between 8
and 17 cm? V! s7! at 300 K for x = 0.1% and 1%, respectively), possibly due to strong charge
carrier scattering induced by the disordered In* cations. py slightly increases with x due to the
decrease in py, which probably counterbalances the decrease expected from the enhanced
atomic disorder caused by Pb alloying.

In agreement with a decreasing hole density, both the electrical resistivity p and
thermopower a increase with x (Figures 2a and 2b). This trend suggests that the small
concentration of In vacancies that gives rise to metallic-like electronic properties in
polycrystalline and single-crystalline InTe is suppressed for x > 0.10%, leading to lightly-doped
semiconducting properties. Of note, the anisotropy observed between the basal plane (ab) and
the ¢ axis in both p and « in single-crystalline InTe is reduced,** albeit still present in the Pb-
doped samples (see Figures S1 and S2 in ESI). From the maximum a value of the x = 1%
sample (apmq, = 380 uV K1) and the corresponding temperature (Ty,q, = 470 K), the thermal
band gap E; was estimated using the Goldsmid-Sharp relation E; = 2ed 45 Tinax to be 0.35
eV, which is in reasonable agreement with that estimated by absorption spectroscopy on Cd-
doped polycrystalline samples (0.22 eV) and from transport data on single-crystalline InTe
(0.26 €V).>** The hole concentration dependence of a closely follows the Toffe-Pisarenko plot
calculated from transport data measured on single-crystalline InTe (Figure 3).3% The fact that
the density-of-states effective mass mp,,s only weakly varies with x further indicates that Pb

can be considered to behave as a rigid-like impurity in InTe.



The nearly equivalent p and a values measured in the x = 0.0 and 0.1% Pb-doped samples
lead to similar maximum power factors a?/p (Figure 4) with the notable difference of the
temperature at which these maxima occur. Compared to pristine InTe, substituting with Pb
shifts the maximum towards higher temperatures with a maximum achieved at 700 K. Upon
further increasing the Pb content, the power factor is significantly reduced due to the high p
values that characterize these samples.

The temperature dependence of the total thermal conductivity k is shown in Figure 5a.
For all samples, the k values are very low over the entire temperature range, ranging at 300 K
between 0.82 W m'! K-! for pristine InTe and 0.45 W m'! K-! for the x = 1.0% sample. Unlike
the electronic properties that show a weak degree of anisotropy, the k values are anisotropic,
with the values measured in the parallel direction being systematically lower than those
measured in the perpendicular direction (see Figure S5 in ESI). The ratio k;/k, is nearly
independent of the Pb content and only weakly varies upon heating. For x > 0.25%, the upturn
in k(T) observed above 550 K is due to the thermal activation of minority carriers across the
band gap that leads to an additional bipolar contribution. Based on the Wiedemann-Franz law
K. = LT /p, where L is the Lorenz number, the high p values of the Pb-doped samples for x >
0.25% yield negligible electronic contributions k,, making the assumption k¥ = k; adequate in
the present case. For the x = 0.0 and 0.1% samples, the temperature dependence of L was
estimated using a single parabolic band model with acoustic phonon scattering as the dominant
source of hole diffusion (Figure S10 in ESI).* At 300 K, k, decreases with increasing x from
0.75 W m! K! for x = 0.0 to 0.42 W m! K'! for x = 1% (Figure 5b). The decreasing k; is
consistent with enhanced point-defect scattering expected upon increasing disorder in the unit
cell. The relation between the lattice thermal conductivity of the alloyed samples and that of
pristine InTe proposed by Klemens and Callaway (Refs. 47-49, see ESI for equations)

qualitatively accounts for the observed decrease in k; at 300 K indicating that mass contrast



contributes to lower k; . Interestingly, the reduction in k; induced by doping levels as low as
0.25% and 0.5% seems larger than those expected solely by mass contrast (Figure S11 in ESI),
possibly signaling an additional source of phonon diffusion. One possibility to explain this
behavior could be the insertion of Pb on the In** site or on an interstitial site at low doping
levels. The latter mechanism has been shown to yield significantly lower k; values than
expected from conventional point-defect scattering in Cu-doped Mg3Sbs and Zn4Sbz.>%-32 This
possibility will require further synchrotron/neutron diffraction experiments to determine the
position of Pb in the crystal structure as a function of x and its possible disordered character if
located in the tunnels. Upon heating, k; further decreases for the x = 0.0 and 0.1% samples to
reach extremely low values of 0.28 and 0.22 W m™! K1, respectively, at 773 K. Regardless of
the Pb content, k; reaches the amorphous limit k455 = 0.33 W m™ K at high temperatures,
estimated using the model developed by Cahill and Pohl.>® Similar to what has been observed
in single-crystalline InTe,** the k; values of the x = 0.0, 0.1 and 0.25% drop below this limit,
suggesting that the minimum lattice thermal conductivity might be set by the diffusive limit

Kaifr = 0.21 W m™ K at high temperatures.>*3

The temperature dependence of the dimensionless thermoelectric figure of merit ZT is
shown in Figure 6a. For all samples, the Z7 values are anisotropic (see Figure S6 in ESI) due
to the anisotropy in the thermal transport, which is only partially counterbalanced by the
reversed anisotropy observed in the electronic properties. The maximum Z7 increases from 0.82
for pristine InTe to 1.05 at 790 K for x = 0.1% in the direction parallel to the pressing direction,
which is the highest value achieved so far for InTe-doped samples (Figure 6b). Measurements
performed on a second sample indicate good reproducibility to within experimental uncertainty
(Figure S12 in ESI). The ZT values decrease significantly for higher Pb concentrations due to
the significant increase in the p values. The analysis of the hole dependence of ZT carried out

using the SPB model (see ESI for equations) at 750 K (Figure 6¢) indicates that the peak value



achieved for x = 0.1% is very close to the predicted optimum value, leaving little-to-no room

for further optimization using donor-like, rigid-like impurities.

4. Conclusion

In summary, the influence of Pb doping on the thermoelectric properties of the chalcogenide
semiconductor InTe was studied between 300 and 800 K. PXRD and SEM analyses indicate
that the solubility limit of Pb in InTe is below 1%. Electronic transport measurements show that
the hole concentration tends to decrease with increasing the Pb content, giving rise to
semiconducting-like properties characterized by high electrical resistivity and thermopower
values. The increased atomic disorder caused by alloying results in a further reduction in lattice
thermal conductivity at room temperature, which can be qualitatively accounted for by classical
models of alloy scattering. This doping effect yields a maximum Z7 value of 1.05 at 800 K for
x = 0.1%, which represents a 25% increase with respect to that achieved in pristine InTe.
Because this peak Z7 value is close to the optimum value predicted by a single-parabolic band
model, further optimization might be achieved by substituting with non-rigid-band-like
impurities or by probing deeper into the valence bands where non-parabolic-band effects might

emerge, meanwhile maintaining the samples degenerate to higher temperatures.
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Figure captions

Fig. 1 PXRD patterns for the x = 0.0, 0.10, 0.25, 0.50 and 1% Pb-doped samples. For the x =
0.5% and 1% sample, the asterisks indicate the secondary phases identified as PbTe. The
variations in the relative intensities of the main diffraction peaks from sample to sample is due
to the anisotropic crystal structure of InTe that leads to some preferred orientation of the

crystallites.

Fig. 2 Temperature dependence of a) electrical resistivity p and b) thermopower @ measured in
the direction parallel to the pressing direction for the x = 0.0, 0.10, 0.25, 0.50 and 1% Pb-doped

samples.

Fig. 3 loffe-Pisarenko plot showing the hole concentration dependence of the thermopower
a(p). The solid and dashed curves show the theoretical dependence calculated by the SPB
model. Data obtained on single-crystalline (SC) InTe along the ¢ axis and the basal (ab) plane
(Ref. 34), on polycrystalline pristine InTe in prior studies (Refs. 36, 37 and 40) and on

polycrystalline Cd-doped samples (Ref. 43) have been added.

Fig. 4 Temperature dependence of the power factor a?/p along the direction parallel to the

pressing direction for the x = 0.0, 0.10, 0.25, 0.50 and 1% Pb-doped samples.

Fig. 5 Temperature dependence of the a) total thermal conductivity x and b) lattice thermal
conductivity x; measured in the direction parallel to the pressing direction for the x = 0.0, 0.10,
0.25, 0.50 and 1% Pb-doped samples. In panel b), the two horizontal dashed lines stand for the
glassy and diffusive lower bounds of k; calculated using the experimental sound velocities

measured on single-crystalline InTe (Ref. 34).
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Fig. 6 a) Temperature dependence of the dimensionless thermoelectric figure of merit Z7 along
the direction parallel to the pressing direction for the x = 0.0, 0.1, 0.25, 0.5 and 1% Pb-doped
samples. b) Comparison of the Z7T values measured for the optimized Pb-doped sample x =
0.1% with those reported in the literature on polycrystalline InTe (Ref. 37), In-deficient InTe
(Ref. 36) and Sb- (Ref. 38) and Cd-doped (Ref. 43) InTe samples. ¢) Hole dependence of the
experimental Z7 values for the x = 0.0, 0.1, 0.25, 0.5 and 1% Pb-doped samples. The solid and
dashed curves were calculated at 750 K for InTe and Pb-doped samples using a single parabolic

band model (see ESI for the equations and values of the physical parameters used).
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