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ABSTRACT: p-type PbTe is the most sought-after material in thermoelectrics due to its ultrahigh thermoelectric
figure of merit (zT), but the performance of n-type PbTe lags behind due to the simplicity of its conduction band
compared to those of rich valence bands. Here, we have synergistically enhanced the Seebeck coefficient and
lowered the lattice thermal conductivity of n-type PbTe by Gd doping, which resulted in high thermoelectric
performance. Gd doping in PbTe enhances the electron effective mass via flattening of the conduction band, which
significantly improves the Seebeck coefficient. Gd is found to remain in an off-centered position inside the rock-salt
PbTe lattice, which increased the lattice anharmonicity. Density functional perturbation theory (DFPT) calculations
indicate that Gd induces a low energy nearly flat optical phonon mode that drastically increases the phonon
scattering rate and lowers lattice thermal conductivity to 0.78 W/(m K). As a result, we achieved a high zT of 1.65 at

678 K for Pb,_.Gd,Te, I, (x = 0.33%, y = 1%).

he current technological advancement allows us to

I convert only a fraction of resources into eflicient
energy (like electricity), and a major part (~65%) is

lost as heat during the conversion. Thermoelectric materials,
which can directly and reversibly convert waste heat to
electricity, are thus seen as a potential candidate in energy
management.' > The performance of the thermoelectric
materials is given by its dimensionless figure of merit, zT,

. . _ 6S* .
which is expressed as zT = TT’ 0, S, and k being the

electrical conductivity, the Seebeck coefficient, and the total
thermal conductivity, respectively. While ¢ is governed by
charge carriers in a material, the thermal conductivity
propagates due to both charge carriers (k) and lattice
vibrations (xj,.). The complicated inter-relationship of the
thermoelectric parameters (o, S, and «,) lends a major
bottleneck in improving zT. Hitherto, most of the improve-
ments in thermoelectric materials have primarily focused on

© 2021 American Chemical Society

7 ACS Publications

balancing these interdependent parameters. Several state of
the art strate§1es like electronic band ﬂattenlng, "7 band
convergence, charge carrler optimization,'°~"” resonant
states,"””'* band ahgnment, moblhty enhancement,'”'®
effective mass engineering,”'”*" slight symmetry reduc-
21,22 . . .

tion, etc. have been effectively carried out to improve

the power factor (65*) of a material.** Similarly, lowering the

Ki of a material also garnered several novel approaches, e.g.,
6,24,25

phonon scattering by point defects, nano precipi-

1526-28 L 29-31
tates, all scale hierarchical phonon scattering,
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and intrinsic phonon prohibiting pathways,”” which have been
successfully implemented until date.

PbTe adopts a rock salt structure, which is known for its
unprecedented p-type thermoelectric performance in the
temperature range 700—950 K. High performance in p-type
PbTe originates due to its intrinsic low thermal conductivity
arising from significant lattice anharmonicity and presence of
unique electronic band structure.”® The valence band (VB) of
PbTe is composed of two neighboring bands L and X, which
have very little energy offset (AE_ s = 0.15—0.20 eV)** and
thus effective valence band convergence has been realized in p-

e PbTe to improve upon its thermoelectric perform-
ance.””*%** On the other hand, the conduction band (CB) of
PbTe is composed of only a single L band and thus it is lagging
to match the performance of its p-type counterpart.’”*> The
presence of lower degenerate valleys in CB as compared to VB
generates intrinsically low n-type Seebeck coeflicient values
and thus poses a greater challenge to improve its n-type
thermoelectric performance.*””*

Recent progress on n-type PbTe primarily focuses on
optimizing charge carrier concentration and mobi-
lity,”'”'%**” simultaneously modulating the electronic and
thermal properties in PbTe-Cu,Te'” and PbTe-AgSbSe,,” and
enhancing band effective mass as in the case of
PbyossSbooiTe-GeTe,"” PbygsGagg,Te-GeTe,”” and PbTe-
MnTe.° Similarly, nanostructuring to reduce kj,, and
simultaneously improve electronic properties is also observed
In- and Sb-codoped PbTe,* PbTe-PbS,” etc.>”*° However, the
simplicity of the conduction band and a large band offset
between two neighboring conduction bands (AE; 5 ~ 045
eV) prohibited n-type PbTe from being as efficient as its p-type
counterpart.®>

Herein, we demonstrate superior n-type thermoelectric
performance for Gd-doped PbTe in the temperature range
295—823 K. Pb,_,Gd, Te (x = 0.33%) exhibits an zT of ~1.2 at
783 K, and with subsequent n-type electrical transport
optimization with iodine (I) doping, the maximum 2T reaches
a high value of ~1.65 at 678 K for Pb,_,Gd, Te;_I, (x = 0.33%,
y = 1%), which is among the highest values reported for n-type
PbTe. Gd is an n-type dopant and even 0.25 mol % Gd doping
on PbTe increases the n-type carrier concentration to 1.46 X
10" cm™. Electronic structure analysis through density
functional theory (DFT) shows that upon Gd doping the
principal band gap at the L point opens up along with
formation of a noninteracting nearly flat conduction band,
which increases the band effective mass (m*). Atom projected
electronic density of states (pDOS) reveals that the non-
interacting band is contributed from the hybridized state of
Gd, which enhances the Seebeck coefficient in Gd-doped
PbTe. Furthermore, Gd is seen to remain in an off-centered
position in the PbTe lattice due to the discordant nature of Gd
in the octahedral coordination, which creates significant lattice
anharmonicity. Phonon dispersion revealed the presence of a
low-frequency nearly flat optical localized phonon mode. Both
these effects, ie., the presence of locally off-centered Gd in
PbTe and the formation of a low-energy localized phonon
mode, synergistically aid in enhancing the scattering of acoustic
phonons. This significantly lowers the &, of Pb,_,Gd,Te (x =
0.33%) to 0.78 W/(m K) at 735 K. Low kj, in n-type Gd- and
I-codoped PbTe coupled with the electronic structure
modification results in superior thermoelectric performance,
and importantly, an impressive average zT (zT,,.) of 1.15 is
obtained in the temperature range of 423—823 K.

1626

High-quality polycrystalline Pb,_,Gd,Te (x = 0.25—0.75%)
samples were synthesized using a vacuum-sealed tube melting
reaction followed by spark plasma sintering (SPS) (see details
in the Supporting Information). Like its parent sample all the
doped samples crystallized in rock-salt structure (Figure Sla).
Powder X-ray diffraction (PXRD) of all the samples shows no
secondary phases within the detection limit of the instrument,
indicating complete solubility of Gd into PbTe lattice (Figure
S1b). Upon Gd doping, we observe a slightly shift in the
PXRD peaks toward higher 26, indicating a decrease in the
lattice parameter (Figures Slc and S2), which is due to the
smaller ionic radius of Gd** (1.07 A) as compared to that of
Pb** (1.33 A). Field emission scanning electron microscopy
(FESEM) done in backscattering electron (BSE) mode and
transmission electron microscopy (TEM) on Pb,_,Gd,Te (x =
0.33%) further confirms the absence of secondary phase
precipitates and it is consistent with our PXRD data (Figures
S3a and S4). Elemental color mapping during energy
dispersive X-ray (EDAX) of the FESEM imaging shows that
all the three atoms, ie., Pb, Te, and Gd, are distributed
homogeneously over the observed area (Figure S3c).

Gd is a n-type donor with a common oxidation state of +3,
and upon substituting Pb**, it will impart an additional
electron into the lattice. Previous low-temperature electronic
transport measurement on Gd-doped PbTe showed similar n-
type behavior.*>** An increase in the dopant concentration will
thus lead to an increase in the n-type carrier concentration and
hence subsequent enhancement in the electrical conductivity
(6). Upon Gd doping, the n-type carrier concentration of
PbTe increases from 1.46 X 10" ¢cm™ for Pb,_,Gd,Te (x =
0.25%) to 4.30 X 10" ecm™ for Pb,_ Gd, Te (x = 0.75%) at
room temperature (Table S1). Such an increase in carrier
concentration is also observed in o as it increases from 1020 S/
cm for Pb;_,Gd, Te (x = 0.25%) to 2484 S/cm for Pb,_,Gd, Te
(x = 0.33%) and finally to 2731 S/cm for Pb,_ Gd,Te (x =
0.75%) at ~300 K (Figure 1a). With increasing temperature,
we observe that ¢ decreases for all the samples as it is expected
for degenerate semiconductors. Similarly, the Seebeck
coefficient (S) for Gd-doped PbTe at ~300 K decreases
systematically from —111 x#V/K for Pb,_,Gd, Te (x = 0.25%)
to —72 uV/K for Pb,_,Gd,Te (x = 0.75%) (Figure 1b). The
negative sign indicates its n-type conduction and agrees with
the negative Hall coefficients. Temperature-dependent S
increases with an increase in temperature with the highest S
value of —261 uV/K obtained for Pb,_,Gd,Te (x = 0.25%) at
817 K. As a result, we obtained a high power factor of ~24.7
uW/(cm K?) at 483 K for Pb,_,Gd,Te (x = 0.33%) (Figure
1c).

To investigate the cause for such an enhanced power factor
for Gd-doped PbTe, we plot the room temperature Seebeck
coefficient as a function of carrier concentration (n). The
resulting relationship when plotted against the theoretical
single-band Pisarenko plot with varying effective mass (m*)
(m* = 0.30m,, 0.35m, 0.42m,), indicated an increase in
effective mass with an increase in Gd incorporation (Figure
1d). The effective mass for Pb;_,Gd, Te (x = 0.25%) is
~0.35m,, which increases to ~0.45m, for Pb,_ Gd,Te (x =
0.75%) and is comparable to that of PbTe-MnTe® but is higher
than the effective masses for PbTe-PbS (~0.32m,),” PbTe:I
(~0.25m,),"" La-doped PbTe (~0.33m,),”> PbTe-Cu,Te,"”
GeTe alloyed Pbg g5Sbg o1, Te (~0.40m,)," etc. This enhanced
m* dictates the high Seebeck coeflicient for Gd-doped PbTe
and influences the n-type thermoelectric performance in PbTe.
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Figure 1. Temperature-dependent (a) electrical conductivity (),
(b) Seebeck coefficient (S), and (c) power factor (6S>) for Gd-
doped PbTe samples. (d) ISl vs n plot for Pb,_.Gd,Te (x = 0.25—
0.75%) and Pb,_.Gd,Te,_JI, (x = 0.33%, y = 1—3%) and plotted
against the theoretical Pisarenko plot (solid lines) using the single
band model with varying effective masses (m*) of 0.30, 0.35, and
0.42 m, and compared with previous results for PbTe-PbS,’
PbTe:I,*" PbTe:La,*® PbTe-Cu,Te,'” and Pby gg4Sby o, Te-GeTe."”

To understand how Gd doping influences the electronic
transport properties of PbTe, we have performed DFT analysis
of electronic structure. Figure 2a represents the electronic band
structures of PbTe and Gd-doped PbTe plotted together for
comparison. It is evident that upon Gd incorporation the band
gap at L point opens up from 0.15 to 0.25 eV and is in line
with the experimentally observed band gap opening upon Gd
doping in PbTe (Figure S1d). Experimentally pristine PbTe
has a band gap of ~0.27 eV that increases to 0.29 eV for
Pb,_,Gd,Te (x = 0.75%). Furthermore, doping with Gd atoms
introduces new features in the electronic band structure, which
is beneficial for thermoelectric power factor. We observe a
noninteracting single band just above the Fermi level in the
conduction band that is nearly dispersionless around the I’
point and relatively dispersive along the L — I" direction (red
lines, Figure 2a). In fact, the flat nature is further verified
through the sharp peak observed in the electronic DOS plot,
which is shown by the purple arrow in Figure 2b and resembles
that of Sb- and I-codoped PbTe.”* Here, this nondispersive
band leads to a higher Seebeck coefficient.*”*> This band
flattening is accompanied by an increase in the effective mass
(m*) of the conduction band. Pristine PbTe has an effective
mass of ~0.3m,, which increases to ~0.42m, for Gd-doped
PbTe and correlates closely with our modeled IS vs n
Pisarenko relationships (Figure 1d).

Atom projected electronic density of states (pDOS) for Gd-
doped PbTe, revealed that the conduction bands are
contributed by hybridized states of Te—Gd and Te—Pb
bonding, with Pb showing the maximum contribution (Figure
S5a). The electronic structures are calculated on the basis of
the energetically most favorable configuration where Gd atoms
are displaced along the crystallographic direction [111] from
their ideal octahedral positions (Figure 2c). The off-centering
of the Gd atom from the regular octahedral site is around 0.21
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A. This tendency of Gd to off-center from the parent Pb
position might arise due to the discordant nature of Gd, which
prefers to attain a higher coordination number (CN) (CN > 6)
than possible for rock-salt PbTe (CN = 6).* Through the off-
center configuration in Gd-doped PbTe, the structure further
reduces their total energy significantly by 13 meV, which is
shown in Figure 2d.

To further understand the chemical aspect of such Gd off-
centering, we perform crystal orbital Hamitonian population
(COHP) analysis between the orbitals of Te and Gd. COHP is
calculated by considering the DOS multiplied by the
Hamiltonian matrix element, and it indicates degree of
covalency and nature of bonding interactions. A negative
value of COHP signifies bonding nature while a positive value
implies antibonding nature. Panels b and ¢ of Figure SS
represent the COHP between the orbital of Te and Gd for
both the undistorted (at regular octahedral site) and off-
centered site of the Gd atom in the PbTe lattice, respectively.
Interestingly, the interaction between Te and Gd orbitals is
antibonding in nature above the Fermi level when Gd atoms
are placed at their undistorted octahedral site. However,
through the off-centering, the Gd—Te interaction becomes
bonding in nature, which is energetically more favorable than
the undistorted case. This locally off-centered Gd atoms
increases the lattice anharmonicity and subsequently plays an
important role in reducing lattice thermal conductivity of n-
type PbTe significantly (discussed later).””***

To comprehend the nature of thermal transport in these
materials, we have calculated the phonon dispersion of pristine
PbTe and Gd-doped PbTe (Figure 2ef). We have observed
that Gd atom introduces nearly a flat band around the
frequency ~38 cm™' along I' > Z — R — X directions over
the Brillouin zone of phonon dispersion (Figure 2f). The low-
energy nearly dispersionless optical mode reflects a weak
interatomic force constant (IFC) and thereby reflects weak
bonding between the associated atoms. These disentangled
nondispersive optical phonons mode behave similarly to the
Kondo-like phonon mode (details in methods), as seen
previously for type-I clathrates with Ce and La as guests, and
are doubly degenerate in nature (Figure $6).* These
nondispersive degenerate phonon modes strongly scatter
acoustic phonon modes, as is evident from the phonon—
phonon anharmonic scattering rates, which increase a few fold
(~10° 1/ps) at the frequency ~38 cm™" (Figure 2i). Here, the
localized phonon mode shows larger scatte_ring rates than that
of other highly anharmonic compounds.””>’ Moreover, we
observe an avoided crossing between the longitudinal acoustic
(LA) mode and the low energetic optical mode at 40 cm™
near the high-symmetry S point in the phonon dispersion
curve (Figure 2f). Such an avoided crossing is a signature for
strong scattering of heat carrying acoustic phonons. Panels g
and h of Figure 2 represent phonon DOS for PbTe and Gd-
doped PbTe. A sharp peak in the density of states near 38
cm™ (black arrow, Figure 2h) is evidenced due to the
appearance of nondispersive flat optical phonon mode.

To uncover how this localized optical phonon mode affects
the thermal transport, we have calculated the atom-projected
phonon DOS (Figure S7a). The atom-projected phonon DOS
of Gd overlaps significantly with Pb atoms and hybridizes less
with Te atoms at ~38 cm™'. Furthermore, the Eigen mode
visualization of this flat phonon mode shows significant
contribution of the Gd atoms, indicating that the chemical
origin of this flat phonon mode arises due to the doping of Gd

https://doi.org/10.1021/acsenergylett.1c00450
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Figure 2. (a) Electronic band structure of PbTe (black) and Gd-doped PbTe (red), containing 54 atoms in the 3 X 3 X 3 supercell. (b)
Electronic DOS of PbTe and Gd-doped PbTe. The relatively flat nature in the conduction band is further confirmed by a sharp peak in DOS,
marked by a purple arrow. (c) Off-centered Gd atom at the distorted octahedral position in PbTe. Color codes are represented as follows:
Pb, red; Te, blue; Gd, green. (d) Energy vs Gd off-centering plot showing a minimum energy when Gd is off-centered by ~0.21 A along the
[111] direction. Phonon dispersion for (e) PbTe and (f) Gd-doped PbTe. Appearance of a special band, which is represented by black color,
reveals nearly nondispersive nature along I' > Z — R — X directions due to Gd doping. Phonon DOS for (g) PbTe and (h) Gd-doped
PbTe. Here, a sudden enhancement in DOS at 38 cm™’, which is indicated by a black arrow, appears because of Gd doping in PbTe. This
increment in DOS originated because of a low-energy nearly flat band (shown in black color in Figure 2f) in the Gd-doped PbTe. (i)
Anharmonic scattering rates as a function of frequency at T = 700 K. High values of scattering rates have been observed at frequency ~38
cm™.
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Figure 3. Temperature-dependent (a) total thermal conductivity (k), (b) lattice thermal conductivity (kj,,), and (c) thermoelectric figure of
merit (zT) of Gd-doped PbTe samples.

atom in PbTe (Figure S6). These hybridized modes effectively further decreases the speed of sound along one of the

scatter acoustic phonons and reduce lattice thermal con- transverse directions (v.2) from 1690 to 1160 m/s (Table S2).

ductivity significantly. Moreover, this localized optical mode This reduction in 12 decreases the overall mean speed of

reveals very low group velocity ~230 m/s along I' = Z = R sound of the acoustic phonons from 1570 m/s for Gd-doped

— X directions (Figure S7b). The large scattering rates in
PbTe compared to 2035 m/s for pristine PbTe. This reduction

combination with low group velocity driven by the low-energy

localized optical mode is the primary reason to achieve low in the mean speed of sound along with the presence of low-
lattice thermal conductivity in Gd-doped PbTe. Gd doping energy flat optical phonon mode and lattice anharmonicity
1628 https://doi.org/10.1021/acsenergylett.1c00450
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induced via Gd off-centering plays a pivotal role in lowering
the ki, of Gd-doped PbTe.

The total thermal conductivities (x) of these Gd-doped
PbTe samples are shown in Figure 3a. The total thermal
conductivity value at ~300 K for Pb;_,Gd,Te (x = 0.25%) is
3.3 W/(m K), while for Pb,_,Gd,Te (x = 0.33%) and
Pb,_,Gd, Te (x = 0.75%) the values are 3.5 and 3.8 W/(m K),
respectively at the same temperature. The increase is mainly
attributed to the increase in the electrical conductivity of the
material with Gd doping, which increases the electrical thermal
conductivity (k). The lattice thermal conductivity (),
however, is seen to decrease initially when Gd doping is
changed from 0.25 mol % to 0.33 mol % but increases for 0.75
mol % doping. kj,, for Pb;_,Gd,Te (x = 0.25%) decreases from
~2.76 to 2.02 W/(m K) for Pb;_,Gd,Te (x = 0.33%) at room
temperature (Figure 3b). ky, for all the samples is found to
decrease with increase in temperature. Low ki, of 0.78 W/(m
K) is obtained at 735 K for Pb,_,Gd, Te (x = 0.33%), which is
due to a synergistic effect of off-centered Gd atom and phonon
scattering due to the presence of low-energy localized optical
phonon mode.

The peak thermoelectric figure of merit (zT) of ~1.2 at 783
K is observed for Pb,_,Gd, Te (x = 0.33%), which is a result of
the superior power factor and low «j,, (Figure 3c). Further
optimization is done on Pb,_,Gd,Te (x = 0.33%) with I
codoping. With subsequent Gd and I codoping, the band gap is
found to increase from ~0.28 eV for Pb,_,Gd,Te,_J], (x =
0.33%, y = 0%) to ~0.33 eV for Pb,_,Gd,Te,_]I, (x=033%,y
=3%) at room temperature (Figure S9). I codoping is found to
decrease the electrical conductivity but increases the S. Even 1
mol % I-doped Pb,_,Gd,Te (x = 0.33%) reduces the room
temperature ¢ value to 1400 S/cm compared to ~2484 S/cm
for Pb,_,Gd,Te (x = 0.33%) (Figure 4a). Additional
incorporation of aliovalent I in the Te position results in
further degradation of ¢. Pb,_,Gd,Te (x = 0.33%) doped with
2 and 3 mol % I shows ¢ values of ~1172 and 832 S/cm at
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Figure 4. Temperature-dependent (a) electrical conductivity (o),
(b) Seebeck coefficient (S), and (c) total thermal conductivity (k)
of Pb,_,Gd,Te,_,I,. (d) zT vs T of Pb,_,Gd,Te,_,I, compared with
controlled individual doping in PbTe. High zT is validated by
measuring the properties in different instruments.
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room temperature, respectively (Figure 4a). This decrease in o
value might arise due to enhanced charge carrier scattering
(Table S1). The o of these I-doped Pb,_,Gd,Te (x = 0.33%),
however, decreases with increasing temperature, hence
retaining the degenerate semiconductor properties of PbTe.

The Seebeck coefficient for Pb,_,Gd,Te,_,], (x=0.33%,y =
1—-3%) increases with an increase in y and is in line with the
electrical conductivity trend. The room temperature S value for
Pb,_,Gd,Te,_[I, (x = 0.33%, y = 1%) is —77 uV/K, which
increases to —81 uV/K for Pb,_,Gd,Te,_,], (x =033%, y =
2%) and finally up to —92 uV/K for Pb,_,Gd,Te,_1 (x =
0.33%, y = 3%) (Figure 4b). The IS| vs n Pisarenko plot (Figure
1d) shows that I doping does not perturb the conduction band
effective m™ and it is only essential for optimizing the n-type
carrier concentration (Table S1), thereby the S and & values. S
is found to increase almost linearly with an increase in
temperature for all the samples. A high power factor of ~20.3
uW/(cm K?) is found for Pb,_,Gd,Te,_I, (x = 0.33%, y =
1%) at 579 K and remains almost flat up to the measured
maximum temperature (Figure S10).

The room temperature thermal conductivity of
Pb,_,Gd,Te,_L, (x = 0.33%, y = 1—-3%) decreases dramatically
from 3.54 to 1.51 W/(m K) for y = 0% and y = 3%,
respectively (Figure 4c). Such a decrease in total thermal
conductivity is due to the combination of two effects: the first
one being significant reduction in the &, and the other being
phonon scattering due to additional point defect scattering
from I doping. The Ky, decreases from ~2.02 W/(m K) for
Pb,_,Gd,Te,_I, (x = 0.33%, y = 0%) to ~0.78 W/(m K) for
Pb,_,Gd,Te,_[I, (x = 0.33%, y = 2%) at room temperature
(Figure S11). The ki, reaches an ultralow value of 0.36 W/(m
K) at ~630 K for Pb,_,Gd, Te,_I, (x = 0.33%, y = 1%), lying
above the predicted lower limit kg value of 0.157 W/(m K)
(Figure Sll).52

The maximum 2T of 1.54 at 678 K for Pb,_,Gd, Te;_I, (x =
0.33%, y = 1%) (Figure 4d and Figure S12) was measured.
This high zT is a result of the synergistic effect of Gd and I
codoping, and this effect is found to increase the thermo-
electric performance of the n-type PbTe as compared to their
individual contributions, as shown in Figure 4d. The
thermoelectric performance was further verified through
repeated cycles and the electrical properties were verified
using two different instruments (Figure S13). The peak zT
using Ulvac Riko ZEM-3 and Linseis LSR-3 are found to be
1.54 at 678 K and 1.62 at 683 K, respectively (Figure 4d). Peak
zT further improves to ~1.65 at 678 K (Figure 4d) if the
thermal conductivity is estimated using heat capacity from
Dulong-Petit limit of 0.15 J/(g K) like determined in other
previous n-type PbTe based reports.”’”***® The high zT in
the present system is comparable and even higher to other
state of the art n-type PbTe materials. We have achieved a high
zT,. of 1.15 in the temperature range 423—823 K for
Pb,_,Gd,Te, I, (x = 0.33%, y = 1%).

In conclusion, Gd doping introduces a noninteracting flat
conduction band in n-type PbTe, which increases its band
effective mass (m*). The presence of this nearly flat
conduction band distorts the electronic DOS, which is
beneficial for enhancing the Seebeck coeflicient of n-type
PbTe. ISl vs n Pisarenko plot reveals that the m™* increases from
0.35m, to ~0.45m, with an increase in Gd doping (from 0.25
to 0.75 mol %) for n-type PbTe. Gd is found to be favorable
when it is locally off-centered from its parent position by ~0.21
A along the [111] crystallographic direction in the PbTe
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lattice, which creates significant lattice anharmonicity. Phonon
dispersion reveals the presence of low-frequency nearly flat
optical phonon mode and plays a pivotal role in scattering the
heat carrying acoustic phonons, thus lowering its ki, to a low
value. The high thermoelectric performance of Gd-doped
PbTe is the result of the high power factor arising due to
distortion of electronic DOS and the simultaneous low thermal
conductivity due to Gd off-centering and enhanced scattering
due to formation of low-energy localized phonon modes.
Further improvement in the zT is obtained via I incorporation
in Pb,_,Gd,Te (x = 0.33%); 1 mol % I codoping shows a high
peak zT of 1.65 at 678 K, and an impressive zT,,. of 1.15 is
obtained in a broad temperature range of 423—823 K.
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