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ABSTRACT: Motivated by the theoretically predicted Zn resonant states in the
conduction band of PbTe, in the present work, we investigated the effect of Zn
substitution on the thermoelectric properties in I-doped n-type PbTe. The room 2
temperature thermopower values show good agreement with the theoretical Pisarenko
plot of PbTe up to a carrier concentration of 4.17 X 10" cm™>; thus, the presence of Zn
resonance levels is not observed. Because of the low solubility of Zn in PbTe, a second
phase of coherent ZnTe nanostructures is observed within the PbTe host matrix, which is
found to reduce the lattice thermal conductivity. The reduced lattice thermal
conductivity in PbTe by ZnTe nanostructures leads to notable enhancement in the
figure of merit with a maximum value of 1.35 at 650 K. In contrast to the recent
literature, the carrier mobility is not found to be affected by the band offset between
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ZnTe nanostructures and PbTe. This is explained by the quantum tunneling of the charge carrier through the narrow offset
barrier and depletion width and coherent nature of the interface boundary between the two phases, i.e., ZnTe and PbTe.
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B INTRODUCTION

In the past few decades, thermoelectric materials have made a
great impact on energy research because of their efficient ability
in the conversion of heat into electricity for environmentally
friendly power generation applications.'* For an effective
energy conversion, a thermoelectric material should exhibit
high values of dimensionless thermoelectric figure of merit
(zT), expressed as [S%6/(x; + k.,)]T, where S is the
thermopower, o is the electrical conductivity, T is the absolute
temperature, and kj and k, are the lattice and electronic thermal
conductivities, respectively.>® For a high value of zT, the
numerator part (S$’), known as the power factor, should be
enhanced with simultaneous reduction in the denominator, i.e.,
the total thermal conductivity k = kj + k.. However, except K,
which is relatively independent from the other interdependent
parameters, optimization of one 7parameter progressively
deteriorates the other parameters.” Because, unlike other
parameters (which depend mainly on electron transport),
is determined only by phonon transport, intensive attention has
been given to minimize this parameter through nanostructuring
and atomic mass fluctuations in the material system.®”'" In
general, it has been observed that nanostructuring deteriorates
the carrier mobility (thus the electrical conductivity) by
interface—boundalgr scattering and band offset between the
different phases.”’ However, endotaxial nanostructures without
any band offset with the host matrix do not show such
unwanted effects in mobility."*'® The interdependent param-
eters have also been decoupled quasi—independentl?f by some
successful strategies such as modulation doping,2 22 energy
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barrier filtering,®** optimization of the carrier concentra-
tion,”*7>® heavy-hole-dominated conduction,”” and distortion
in the density-of-states by resonant impurities®>° for an
enhanced thermoelectric performance in the material system.
Recent studies on Yb-doped PbTe, I, clearly showed the
interdependency of various thermoelectric parameters by
impurity band-induced transport.>' Heremans et al.”® reported
double-degree enhancement of the thermoelectric efficiency in
PbTe by the incorporation of Tl resonant states. Zhang et al.””
reported a zT value of 1.3 at 850 K in n-type PbSe by Al
resonant states. Jaworski et al.*® showed that Sn modifies the
density-of-states of Bi,Te; by about 15 meV below the valence
band edge, leading to strong enhancement in its thermoelectric
power. However, because of Fermi level pinning, all resonant
impurities are not favorable to thermoelectric power enhance-
ment. Ti is found to create its resonant states at approximately
52 meV inside the conduction band of PbTe; however, because
of localization of the charge carriers due to Fermi level pinning,
it does not contribute to the conduction process and thus to
the thermopower.** Jovovic et al.* also reported a similar effect
of Fermi level pinning on thermoelectric transport in In-doped
Pb,_,Sn,Te. The theoretical calculations of Ahmad et al.**
show that the divalent group IIB s-type impurities (Zn, Cd, and
Hg) introduce resonant states near the bottom of the PbTe
conduction band. An experimental attempt by Ahn et al.>* on
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the thermoelectric properties of a PbTe—CdTe system does
not show any enhancement in the thermopower. The reason
could be the position of such levels inside the conduction band,
i.e,, very deep inside the band and due to which the required
carrier concentration could not be achieved to place the Fermi
level at the modified density-of-states, as was found for the Al
resonant states in PbTe.*®

Motivated to experimentally explore the predicted Zn
resonant states and their effect on the thermoelectrical
properties in PbTe, in the present work, we investigated I-
doped PbTe:ZnTe because such kinds of investigations have
not been reported in such a material system. With Zn being
isovalent with Pb, it could not contribute to the carrier
concentration. Pbl, is introduced as an n-type dopant to tune
the carrier concentration and Fermi level in the conduction
band of PbTe.

B EXPERIMENTAL SECTION

Synthesis. For the synthesis of samples of Pbl,-doped PbTe:ZnTe,
the constituent elements, viz.,, S N pure elemental Pb (Alfa Aesar), Te
(Sigma Aldrich), and Zn (Alfa Aesar) and S N pure Pbl, (Sigma
Aldrich), were taken in an appropriate stoichiometric ratio in a C-
coated fused-silica ampule and sealed under high vacuum (~107°
Torr). Then the sealed ampules were placed in a vertical furnace at
1273 K for 6 h. The obtained poor-quality ingots were hand-ground
into powder by mortar and pestle. The ground powder was again filled
in C-coated fused-silica ampules and vacuum-sealed. The powder-filled
ampules were heated with oxyacetylene torch flames until the powder
was completely melted and then air-cooled for consolidation. Dense
polycrystalline (isotropic) and homogeneous (discussed in the
Supporting Information, section SI-1) cylindrical ingots of typical
length ~1.5 cm with silver metallic shine were obtained by the process.
The obtained ingots were sliced into circular disks of diameter 10.2
mm, mechanically lapped with a S um silicon carbide powder, and
mirror-polished with alumina (Al,O;) abrasive for electrical measure-
ments (Hall and resistivity). Then the disk-shaped samples were cut
diagonally into bar form of dimensions 1.5 X 1.5 X 10 mm® for
themopower measurements. The nomenclature of all of the samples
and their corresponding mol % of ZnTe and Pbl, along with their
elemental compositions are presented in Table 1.

X-ray Diffraction (XRD). Powder XRD patterns were collected
using Co Ka radiation (1 = 1.7902 A) under reflection geometry on a
PANalytical diffractometer operated at 40 kV and 30 mA.

Electrical Properties. The temperature-dependent electrical
resistivity (p = 1/0) and Hall coefficient (Ry) measurements were
conducted under a van der Pauw configuration®’ using a locally made

Table 1. Nomenclature of All of the Samples and Their
Corresponding mol % of ZnTe and Pbl, along with their
Elemental Compositions

elemental content (g)

ZnTe
content Pbl, content

sample (mol %) (mol %) Pb Te Zn Pbl,
S1 1 0.015 3 1.866 0.0095 0.001
S2 1 0.025 3 1.866 0.0095 0.0017
S3 1 0.050 3 1.866 0.009S 0.0033
S4 1 0.075 3 1.866 0.0095 0.005
SS 1 0.150 3 1.866 0.0095 0.01
S6 2 0.015 3 1.8844 0.0189 0.001
S7 2 0.025 3 1.8844 0.0189 0.0017
S8 2 0.050 3 1.8844 0.0189 0.0033
S9 2 0.075 3 1.8844 0.0189 0.005
S10 2 0.150 3 1.8844 0.0189 0.01
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probe apparatus. A magnetic field value of +1 T was employed for Hall
measurements. Thermopower measurements were performed using a
home-built apparatus described elsewhere.*® For the measurement,
bar-shaped samples were mounted between two Cu heating blocks
using a spring assembly. To nullify the effect of superfluous
electromotive force in thermopower measurements, a differential
steady-state method was employed.**** The temperature difference
between the Cu blocks was examined by using K-type chromel—alumel
thermocouples. All of the above measurements were done under
dynamic vacuum conditions. Resistivity, Hall, and thermopower
measurements were done during both heating and cooling cycles.
The experimental uncertainties in the resistivity, Hall, and thermo-
power measurements were found to be 2, 3, and 5%, respectively.

Thermal Measurements. The temperature-dependent thermal
diffusivity (D) was directly measured by a laser flash method under
ambient nitrogen using a NETZSCH LFA 427 instrument. The
specific heat (C,) was derived by differential scanning calorimetry
using a NETZSCH DSC 200-F3 instrument. The thermal conductivity
was calculated as k¥ = C,D5, where § stands for the density of the
sample, determined by the Archimedes method. After several cycles of
experiments, the uncertainty in the thermal conductivity measure-
ments was found to be 3%.

Transmission Electron Microscopy (TEM). Samples for TEM
investigations were prepared by conventional methods of lapping,
ultrasonic disk cutting, dimple grinding, and ion milling. High-
resolution TEM (HRTEM) images and selected-area electron
diffraction (SAED) patterns were obtained at 200 keV using a JEOL
JEM 2100 microscope.

B RESULTS AND DISCUSSION

The powder XRD patterns of all of the investigated samples are
shown in Figure 1. The diffraction patterns in all of the samples
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Figure 1. X-ray diffractogram of PbTe:ZnTe. It reveals the formation
of the cubic phase of a rock salt (NaCl) crystal structure (Fm3m space
group) in all of the samples.

reveal the formation of the cubic phase of a rock salt (NaCl)
crystal structure (Fm3m space group) without any other peaks
of the secondary phase. The calculated average lattice
parameter for 1 and 2 mol % ZnTe contained samples is
found to be lower than the lattice parameter of pure PbTe
(6.462 A) with values of 6.450 and 6.446 A, respectively. This
small contraction in the lattice parameter is due to the smaller
metallic radii of Zn (1.34 A) than that of Pb (1.75 A).

The room temperature (300 K) values of measured electrical
parameters are given in Table 2.

The negative values of the Hall coefficient and thermopower
in all of the samples reveal n-type conduction in the charge-
transport process. The carrier concentration (1) and mobility
(u) are calculated by the relations n = 1/¢Ryy and p = Ry/p,

dx.doi.org/10.1021/am405410e | ACS Appl. Mater. Interfaces 2014, 6, 3995—4004
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Table 2. Room Temperature (300 K) Values of Various Electrical Parameters in PbTe:ZnTe Samples

Hall coefficient resistivity (10~ carrier concentration

sample (em® C7Y) Q-cm) (10" cm™3)

S1 —1.41 7.75 0.44
S2 —-0.8 6.57 0.78
S3 -0.35 5.51 1.79
S4 -0.25 4.73 2.5

SS —0.15 3.33 4.17
S6 -1.5 8.94 0.42
S7 -0.9 7.83 0.69
S8 -0.36 6.75 1.74
S9 —-0.28 5.86 2.23
S10 —0.16 421 391

mobility gcm2 thermopower Fermi level position from the conduction
vsT) (uv K1) band edge (meV)

1819 —-162 31.8
1217 —13S 44.7

635 —110 72.6

529 =72 87.2

450 =S5 115.4
1678 —167 31
1149 —148 41.6

533 —118 71.2

478 —83 82

380 —62 111.3

respectively. The position of the Fermi level (Eg) is estimated
by the nonparabolic dispersion relation***" under degenerate
approximation. Considering the first-order nonparabolicity
only, the dispersion relation can be written as

EF
Eef 1+ —F

8

RN

E.) =
7’( F) am,

2mT (1)
where E, is the direct energy band gap of PbTe at the L point
of the Brillouin zone with a room temperature value of 0.31
eV,*' k. and kp are the electron wavevectors along the
longitudinal and transverse directions, respectively, A = h/2x,
where h is Plank’s constant, and m; and my are the effective
masses along the longitudinal and transverse directions,
respectively. For degenerate semiconductors, the carrier
concentration is related to the dispersion relation as

n= [Zm*Y(EF)]s/Z
B 3’ (2)

where m™* stands for the density-of-states effective mass and can
be calculated as

m* = 4 m(me*m )" = #7m[(0.16E,)° x 10.5]'7°
®3)
where m, is the electronic mass.

Figure 2 shows variation of the carrier concentration with
respect to the Pbl, content in the samples with 1 mol % ZnTe
(S1-S5) and 2 mol % ZnTe (S6—S10) by square and circular
symbols, respectively. The carrier concentration is found to
increase linearly with the Pbl, content in both sets of samples,
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Figure 2. Variation of the carrier concentration as a function of the
Pbl, content.
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which indicates the effective 1:1 doping of iodine when
substituted in place of Te in PbTe. However, for the same
amount of Pbl,, samples with 2 mol % ZnTe show slightly
lower carrier concentrations than those of samples with 1 mol
% ZnTe.

The temperature dependence of resistivity is shown in Figure
3. The monotonic rise in the resistivity with temperature
indicates a typical degenerate conduction in all of the samples.
The decrease in the resistivity with an increase in the Pbl,
content is due to the increased carrier concentration by the
effective donor activity of iodine. As shown in Table 2, for the
same Pbl, content, the electrical resistivity in PbTe:2% ZnTe
samples is found to be higher than that in the samples with 1%
ZnTe. This result can be explained by the decrease in the
carrier concentration (as shown in Figure 2) and loss in
mobility (discussed later) in the prior set of samples (PbTe:2%
ZnTe).

Figure 4 shows the temperature dependence of the Hall
coefficient. The gradual rise in the Hall coefficient with
temperature can be explained by the minute loss of degeneracy
at higher temperatures.m’

Variation of the calculated Hall mobility with temperature is
shown in Figure 5. The power dependence of the mobility with
temperature, ie, p ~ T has been observed for all of the
samples. The average value of the exponent () is found to be
2.3 for the samples with 1 mol % ZnTe and 1.9 for the samples
with 2 mol % ZnTe. These values of 6 denote the domination
of acoustic phonon scattering in the charge-carrier transport at
higher temperatures.*> The mobility in samples with 2 mol %
ZnTe is found to be lower than that of samples with 1 mol %
ZnTe.

The temperature-dependent thermopower is shown in
Figure 6. The nearly linear temperature dependence of
thermopower indicates typical degenerate conduction in all of
the samples throughout the investigated temperature range, and
it is consistent with the temperature-dependent resistivity. The
inverse relationship between the thermopower and carrier
concentration can easily be observed from Table 2; ie., with a
rise in the carrier concentration, the thermopower decreases.
The monotonic decrease in the thermopower with the carrier
concentration indicates single-band transport in the material
system.15

The room temperature values of the thermopower are
compared with the theoretical Pisarenko line** of n-type PbTe
under single parabolic band approximation (SPB) and
domination of acoustic phonon scattering with an electron
density-of-state mass (m*) value of 0.25m,,*** as shown in
Figure 7. The room temperature thermopower is found to be in
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Figure 3. Temperature-dependent resistivity. The monotonic rise in the resistivity with temperature indicates typical degenerate conduction in all of

the samples.
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good agreement with the theoretical plot. This shows no
enhancement in the thermopower that might be attributed to
the modified density-of-states in PbTe by Zn resonant states.”®
The position of such resonant states of Zn (if it exists at all)
cannot be accessed by the obtained values of the carrier
concentration in the present study, or maybe the width of the
modified density-of-states is not sufficiently wide to be able to
locate the Fermi level inside the modified region (although
narrow width leads to higher thermopower, because of the
experimental limitations over sample and defect chemistry, a
sufficient width (10—100 meV) of the modified density-of-
states is required*®). The calculated values of the Fermi level
(Table 2) suggest that the resonant states of Zn should have
situated above 115.4 meV from the conduction band edge (if

exists at all and is accessible in reality). Further investigation is
required to estimate the exact location of Zn resonant states
and the width of the modified density-of-states in PbTe, which
will then ensure whether it could practically be accessed and
utilized for enhancement of the thermopower under a feasible
carrier concentration limit and temperature dependence of the
electronic band structure. However, for complete exploitation
of the resonance levels in thermoelectrics, two other conditions
need to be fulfilled and are as follows: (i) the resonant level
must involve charge conduction; ie., it should not trap the
charge carriers; (ii) the background density-of-states should be
minimal.*® Previous reports such as Tl resonance in the PbTe
valence band”® and Sn in Bi,Te;** have been found to fulfill the
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Figure 6. Temperature-dependent thermopower. The linear rise in the thermopower with temperature indicates typical degenerate conduction in all

of the samples.
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Figure 7. Theoretical Pisarenko line of PbTe at 300 K, with room
temperature values of the thermopower in all of the samples (circular

symbols).

above criteria, and as a result, significant enhancement has been
observed in zT in these systems.

The temperature dependence of the power factor (S*/p) is
shown in Figure 8. The maximum power factor values and the
corresponding temperatures in all of the samples are given in
Table 3.

Figure 9 shows the temperature-dependent thermal
diffusivity in all of the samples. The thermal diffusivity is
found to increase with a rise in the Pbl, content due to
increased carrier concentrations at higher doping levels. The

Table 3. Maximum Power Factor Values and the
Corresponding Temperatures in All of the Samples

sample maximum power factor (107* W m™ K7?) temperature (K)
S1 33.88 300
S2 28.45 378
S3 23.99 625
S4 17.53 525
SS 16.82 525
S6 31.36 300
S7 28.08 325
S8 22.37 528
S9 17.59 500
S10 16.54 600

measured value of the specific heat is found to be nearly
temperature-independent in both sets of samples with average
values of 0.162 and 0.163 J g' K™ respectively for the samples
with 1 and 2 mol % ZnTe. The average deviations in the
measured specific heat from the empirical relation given in ref
42 are found to be 2.5 and 3.1% respectively for the samples
with 1 and 2 mol % ZnTe. The average densities of the samples
with 1 and 2 mol % ZnTe are measured to be 8.101 and 8.083 g
cm™3, respectively.

The temperature dependence of the total and lattice thermal
conductivity is shown in Figure 10. The lattice part of the total
thermal conductivity (lattice thermal conductivity, &) is
estimated as x; = k — Kk, where k, is the electronic thermal
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Figure 8. Temperature dependence of the power factor in all of the samples.
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Figure 9. Temperature-dependent thermal diffusivity in PbTe:ZnTe.
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Figure 10. Temperature dependence of the total and lattice thermal conductivity.

conductivity. The electronic part of the total thermal
conductivity is calculated as k., = LT/p, where L is the Lorenz
number. The temperature-dependent Lorenz number is
estimated using the SPB model under acoustic phonon limited
scattering as*’~*

| DB (D))

e [ i (s

(4)
where F,(n) = [§(#")/[1 + exp(w — 1)] dw is the nth order
Fermi integral, 7 is the reduced Fermi energy (=Ep/kT), kg is
Boltzmann’s constant, and r is the scattering parameter (=—"/,
for the acoustic phonon scattering approximation). The
reduced Fermi energy is derived from the thermopower values
using the following relation:

E (" + %)EH/Z(’]) B

T D

©)

The calculated Lorenz numbers are found to be in the range
1.53 X 107%-2.19 X 10°* W Q K The estimated room
temperature lattice thermal conductivity in all of the samples is
found to be <1.6 W m™! K™}, which is significantly lower than
that in pristine PbTe.'**”***! The black solid line in Figure 10
shows the lattice thermal conductivity in our grown n-type
pristine PbTe (because k; is independent of the doping type, it
would be the same for p-type pristine PbTe). The average

4000

percentage reductions in the lattice thermal conductivity at 300
and 650 K are found to be 21% and 30%, respectively. The
lower values of ki indicate significant enhancement of the
scattering of long-wavelength phonons in PbTe by Zn
substitution, which plays a major role in thermal conduction
in solids.

Figure 11a shows the low-magnification bright-field HRTEM
micrograph of the PbTe:2% ZnTe sample. The micrograph
reveals various nanoscale secondary phases of ZnTe (dark
contrast regions) in the host PbTe matrix. Although it is very
difficult to get actual quantitative chemical compositions of the
embedded nanostructures because of overlap with the host
matrix, energy-dispersive X-ray spectroscopy (EDS) measure-
ments have been performed to confirm the Zn and Te contents
in the nanostructures (shown in the Supporting Information,
section SI-2). The presence of such a nanoscale phase in the
parent matrix is known for reduction in the lattice thermal
conductivity of the host material by long-wavelength phonon
scattering.5 3 Because of the formation of such nanostructures,
the lattice thermal conductivity in the present system is found
to be lower than that of pristine PbTe. Similar nanostructures
have been found in PbTe:1% ZnTe (shown in Supporting
Information, section SI-3). However, the density of the
nanostructures in PbTe:1% ZnTe is found to be lower than
that of the sample with 2% ZnTe. Parts b and ¢ of Figure 11
show the high-magnification HRTEM images of a selected
portion. The coherent nature of the embedded nanostructures
(of size distribution between 2 and 9 nm) with the host matrix
of PbTe is observed. The coherent nature of the embedded
nanostructures implies a rock salt crystal structure of ZnTe,

,S
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Figure 11. (a) Low-magnification bright-field HRTEM micrograph of
the PbTe:2% ZnTe sample (S6). (b) High-magnification HRTEM
image of a selected portion of the PbTe:2% ZnTe sample (S6). (c)
Coherent nature of the interface between the nanostructures and the
matrix. (d) SAED pattern.

although in normal temperature and pressure, it exists in the
zinc blende form. The sharp diffraction spots without any
splitting in the SAED pattern (Figure 11d) confirm complete
alignment in the crystallographic planes and directions between
the two phases. The coherent nature of the ZnTe
nanostructures in the PbTe matrix is a consequence of almost
similar lattice constants of PbTe (6.462 A) and ZnTe (6.103
A). The formation of such nanostructures was possible because
of the very low solubility of Zn in PbTe.** XRD (Figure 1) did
not show any peak of the ZnTe phase, but it indeed exhibited a
slight contraction in the lattice parameter in the PbTe matrix,
an indication of the substitution of Zn at Pb sites. However, as
discussed above, TEM studies showed the presence of a
secondary phase in the host matrix, which suggests that the
solubility estimation of an element in the parent material
system by XRD is not always correct.>

Figure 12a shows the band diagram of the PbTe—ZnTe—
PbTe interface drawn according to the electron affinity rule,
with the vacuum level used as a reference.*® Figure 12b shows
quantum tunneling of the charge carriers through a narrow
depletion width at the heterojunction. The electron affinities

() for PbTe and ZnTe are reported as 4.6 and 3.53 eV,
respectively;***” therefore, an energy barrier (Ep) of height
1.07 eV exists between the conduction band extremes of PbTe
and ZnTe. (In the calculations, ZnTe is considered to be a zinc
blende crystal structure. However, in the present investigation,
it is found to be a rock salt structure. So, the values of y, etc,,
could have been different, which, in turn, could affect the height
of the barrier.) This barrier could alter the value of the carrier
mobility as found in the literature."'>*®® The carrier-
concentration-dependent mobility in all of the samples along
with the pristine (without Zn) Pbl,-doped PbTe is shown in
Figure 13.
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Figure 13. Variation of the room temperature mobility with the carrier
concentration in pristine PbTe (black symbols), PbTe—1 mol % ZnTe
(red symbols), and PbTe—2 mol % ZnTe (blue symbols).

At lower carrier concentrations (S1, S2, S6, and S7), for
similar n, the calculated mobility in our samples is found to be
slightly reduced from that of the pristine PbTe. This finding
suggests that the carrier mobility is not affected much by the
band offset. The size of the foreign phase nanostructures within
the host matrix, width of the depletion region at the
heterojunction (in the present case formed by PbTe and
ZnTe), and nature of the interface between the different phases
play a crucial role in the carrier mobility. For the carrier
mobility to remain at least unaffected, quantum effects could
play a dominant role in carrier transport, which is possible if the
size of the nanostructure is comparable with the Bohr exciton
radius and the depletion width becomes small enough such that
it is transparent to charge carriers. However, the effect of
carrier—phonon scattering on the mobility could not be
neglected. Otherwise, the carriers may bounce back or scatter,
resulting in an appreciable loss in mobility. In the present case,
the sizes of the ZnTe nanostructures are typically found to be
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Figure 12. (a) Band diagram of the PbTe—ZnTe—PbTe interface showing charge-carrier tunneling through an energy barrier. (b) Quantum
tunneling of the charge carriers through a narrow depletion width at the heterojunction.
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between 2 and 9 nm and the calculated depletion width [using
thermionic emission theory (details are given in the Supporting
Information, section SI-4)] at the heterojunction is found to be
negligible in comparison to the electron wavelength in the
solid. These dimensions suggest a distinct possibility of
quantum tunneling of the charge carriers over the energy
barrier (as shown in Figure 12). Moreover, the coherent nature
of the interface allows resistance-less conduction of the charge
carriers between different phases. As discussed earlier, Figure 12
depicts two possibilities of charge tunneling through a barrier,
viz,, (a) direct tunneling through the ZnTe nanostructure and
(b) tunneling through a narrow depletion layer at the
heterojunction between PbTe and ZnTe. For the tunneling
shown in Figure 12b, only electrons of energy E > E; can
tunnel through the depletion width into the conduction band of
ZnTe, which would cause a loss in the overall mobility.
However, for the tunneling shown in Figure 12a, electrons of
energy E ~ Ep can also tunnel through the barrier (ZnTe
nanostructure) along with high-energy electrons (E > Eg),
which indicates domination of this tunneling in the transport
process.

At higher carrier concentrations, a significant reduction in the
mobility has been observed. Such a reduction in the mobility
could be due to the enhanced density-of-states (thus increased
carrier effective mass) by Zn resonant states,”® but the strong
agreement between the room temperature thermopower and
the theoretical Pisarenko line (shown in Figure 7 in the
manuscript) summarily refutes this prediction.

The reason for such a reduction in the mobility at a higher
carrier concentration range could be due to the enhanced
probability of carrier—phonon scatterin(% followed by carrier—
carrier scattering at the heterojunction,’’ which is schematically
shown in Figure 14. Such scattering mechanisms change the

(a) (b)
phonon phonon .
@
electrb?ji > electro.
o] ™ >

Case 1: Low carrier concentration Case 2: High carrier concentration

Figure 14. Charge-carrier tunneling through a barrier (a) without
domination of carrier—phonon and carrier—carrier scattering and (b)
with domination of carrier—phonon and carrier—carrier scattering at
the heterojunction.

carrier trajectory, which imposes an obstruction in the smooth
tunneling of the charge carriers®® and thereby affects the
mobility. With reference to the PbTe—SrTe system,'* where
there exists no band offset (no potential barrier) between the
PbTe matrix and the embedded SrTe endotaxial nanostruc-
tures, such a mobility reduction at higher carrier concentration
(~5.4 x 10" cm™) has not been observed. This observation
further indicates the existence of potential barriers at the
PbTe—ZnTe heterojunction.

Because of the increased density of embedded nanostructures
of ZnTe in PbTe—2 mol % ZnTe than that of PbTe—1 mol %
ZnTe, the increased probability of carrier—phonon and carrier—
carrier scattering results in slightly reduced carrier mobility in
the prior set of samples, which decreases further across the
board for every Pbl, doping level. Also, the scattered carriers by
such scattering mechanisms could not contribute completely to
the Hall effect; thus, the calculated carrier concentration in 2
mol % Zn samples is found to be slightly lower than that of
samples with 1 mol % Zn.>>**%

The temperature-dependent figure of merit in all of the
samples is shown in Figure 15. Maximum zT values of 1.29 and
1.35 are found in samples S2 and S7 at 650 K, respectively.
These values are found to be higher than those of our grown
reference samples of I-doped PbTe at this temperature of
similar carrier concentration (0.75 X 10 cm™), which
indicates a notable enhancement in zT by thermal conductivity
reduction via ZnTe coherent nanostructures. The maximum zT
value of the reference sample is found to be 1.12 at 625 K
(details are given in the Supporting Information, section SI-S),
which is ~13% and ~17% less than those of S2 and S7,
respectively. In ref 42, the sample with a carrier concentration
of ~2 X 10" cm™ shows a maximum zT value of ~1.3 at 650
K, and samples with carrier concentrations of ~0.5 X 10" and
~1 % 10" cm™ show maximum zT values of 0.9 at 620 K and
1.2 at 680 K, respectively. Samples S1, S3, S6, and S8 also show
2T values greater than 1 in a wider temperature range at higher
temperatures.

H CONCLUSION

For experimental observation of the theoretically predicted Zn
resonance states and their effect on the thermoelectric
properties in PbTe, thermoelectric transport in Pbl,-doped
PbTe:ZnTe has been investigated. The negative values of the
Hall coeflicient and thermopower in all of the samples revealed
n-type conduction in the charge-transport process. The
monotonic rise in the resistivity and thermopower with
temperature indicated typical degenerate conduction in all of
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Figure 15. Temperature-dependent figure of merit in all of the samples. The maximum zT value of 1.35 is observed in sample S7 at 650 K.
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the samples. The room temperature values of the thermopower
do not show any evidence of Zn resonanace states at least up to
a carrier concentration of 4.17 X 10" cm™. Thus, either there
exists no such resonant states, or they could not be accessed by
the obtained values of the carrier concentration in the present
study, or the width of the modified density-of-states is not
sufficiently wide to be able to locate the Fermi level inside the
modified region. Because of the low solubility of Zn in PbTe, a
phase of coherent ZnTe nanostructures of size 2—9 nm has
been found in the host matrix of PbTe. A significant reduction
in the lattice thermal conductivity has been observed because of
the enhanced scattering of long-wavelength phonons by these
ZnTe nanostructures. The reduced lattice thermal conductivity
enabled significant enhancement in the figure of merit in the
present investigation over I-doped pristine PbTe. The coherent
boundary between the ZnTe—PbTe interface along with the
narrow band offset and depletion width allows resistance-less
transmission of charge carriers at lower carrier concentrations
through different phases, for which the carrier mobility remains
unaffected. The carrier—phonon and carrier—carrier scattering
at the heterojunction are found to dominate strongly at higher
carrier concentrations and slightly at higher Zn content, due to
which a reduced mobility has been observed.

B ASSOCIATED CONTENT

© Supporting Information

Homogeneity analysis of the torch melted sample by
comparative analysis of various room temperature (300 K)
thermoelectric parameters in conventionally grown and torch-
melted 0.05 mol % Pbl,-doped PbTe, EDS spectra to examine
the presence of Zn and Te content in the nanostructures, low-
magnification bright-field HRTEM micrograph of PbTe for 1%
ZnTe and 2% ZnTe samples, details of the thermionic emission
theory relevant to this study, and comparative plots of various
measured electrical parameters in samples S2 and S7 with the
grown reference samples of I-doped PbTe (of carrier
concentration 0.75 X 10" ¢cm™). This material is available
free of charge via the Internet at http://pubs.acs.org.
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