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Abstract: We explored the effect of Cd substitution on the thermoelectric properties of PbTe in an effort
to test a theoretical hypothesis that Cd atoms on Pb sites of the rock salt lattice can increase the Seebeck
coefficient via the formation of a resonance level in the density of states near the Fermi energy. We find
that the solubility of Cd is less than previously reported, and CdTe precipitation occurs to create
nanostructuring, which strongly suppresses the lattice thermal conductivity. We present detailed charac-
terization including structural and spectroscopic data, transmission electron microscopy, and thermoelectric
transport properties of samples of PbTe—x% CdTe—0.055% Pbl, (x =1, 3, 5, 7, 10), PbTe—1% CdTe—y%
Pbl, (y = 0.03, 0.045, 0.055, 0.08, 0.1, 0.2), PbTe—5% CdTe—y% Pbl, (y = 0.01, 0.03, 0.055, 0.08), and
PbTe—1% CdTe—z% Sb (z=10.3, 0.5, 1, 1.5, 2, 3, 4, 5, 6). All samples follow the Pisarenko relationship,
and no enhancement of the Seebeck coefficient was observed that could be attributed to a resonance
level or a distortion in the density of states. A maximum ZT of ~1.2 at ~720 K was achieved for the
PbTe—1% CdTe—0.055% Pbl, sample arising from a high power factor of ~17 xW/(cm K?) and a very low
lattice thermal conductivity of ~0.5 W/(m K) at ~720 K.

Introduction

Direct thermal-to-electric energy conversion using thermo-
electric (TE) materials may result in energy efficiency improve-
ments in a variety of areas where waste heat is abundant.™?
The dimensionless thermoel ectric figure of merit, ZT = (¢S°T)/
K, defines the efficiency of a thermoelectric material, where o
is the electrica conductivity, S is the Seebeck coefficient
(thermopower), T is the absolute temperature, and « is the
thermal conductivity. The recent advances reported in the
performance of thermoelectric materials have been achieved
mainly through remarkable reductions in the lattice thermal
conductivity. These reductions have been the result of nano-
structuring semiconductors such as PbTe* ® and Bi,Te;° in
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which engineered nanoscale features strongly scatter acoustic
phonons. One of the significant challenges moving forward is
to understand how increases in the power factor (o) can be
achieved that go beyond what is possible in the pristine
semiconductors. One approach could be the introduction of so-
called resonance states in the band near the Fermi level, which
can produce enhancements in the Seebeck coefficient.****

A recent theoretical study suggested that resonance levels can
be introduced in the conduction band when Cd is introduced
on the metal sites of the PbTe rock sat structure, and
correspondingly TI can introduce resonance levelsin the valence
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band, which can lead to a significant enhancement in the
electronic density of states (DOS).'°*2 Most recently, an
experimental work of Heremans et al.*® reported that values of
ZT for p-type TlooPhogsTe reach 1.5 at 773 K because of
enhancements in the Seebeck coefficient through a distortion
of DOS in the valence band. The substitution of Cd in PbTeis
predicted to result in a distortion in the DOS near the bottom
of the conduction band.** If a resonance level is present near
the Fermi energy, we expect to observe an enhancement in the
Seebeck coefficient for a particular carrier concentration com-
pared to a corresponding system lacking the resonance level.
To be an effective resonance level however, the added metal
center (e.g., Cd) in the lattice should be in a sufficiently high
concentration so that it creates an extended state that is coupled
to the conduction band, rather than a localized noninteracting
state. In addition, a low lattice thermal conductivity may be
realized through nanostructuring by the precipitation of excess
CdTe when the solid solubility limit of CdTein PbTeisreached
according to the PoTe—CdTe pseudobinary phase diagram.™*

Because Cd is isovaent with Pb, it is neither a donor nor an
acceptor level in PoTe, and therefore in order to tune the Fermi
energy, we also introduced n-type dopants (e.g., Pbl, or Sh).
We studied the thermoelectric properties of PbTe—x% CdTe
asafunction of x and dopant concentration and |ooked for trends
and enhancements that would be consistent with the theoretical
predictions that Cd resonance levels can be introduced in the
band structure. We present detailed investigations of structural
properties, spectroscopic measurements, and transmission elec-
tron microscopy (TEM) as well as transport property investiga-
tionsincluding electrical conductivity, Seebeck coefficient, Hall
effect, and therma conductivity on samples of PbTe—x%
CdTe—0.055% Pbl, (x =1, 3, 5, 7, 10), PbTe—1% CdTe—y%
Pbl, (y = 0.03, 0.045, 0.055, 0.08, 0.1, 0.2), PbTe—5%
CdTe—y% Pbl, (y = 0.01, 0.03, 0.055, 0.08), and PbTe—1%
CdTe—2% Sb (z = 03, 05, 1, 15, 2, 3, 4, 5, 6). An
enhancement in ZT to ~1.2 at ~720 K is observed, and its
origins are discussed.

Experimental Section

Synthesis. For the preparation of samples of PbTe—x mol %
CdTe—0.055 mol % Phbl, (x = 1, 3, 5, 7, 10), PbTe—1 mol %
CdTe—y mol % Pbl, (y = 0.03, 0.045, 0.055, 0.08, 0.1, 0.2),
PbTe—5 mol % CdTe—y mol % Pbl, (y = 0.01, 0.03, 0.055, 0.08),
and PbTe—1 mol % CdTe—zmol % Sb (z=0.3,05, 1, 15, 2, 3,
4, 5, 6) lead (Rotometals, 99.99%), cadmium (shot, 99.999%),
antimony (shot, 99.999%), tellurium (Atlantic Metals, 99.999%),
and lead iodide (Aldrich, 99.999%) were combined in an appropriate
molar ratio in a8 mm diameter graphite crucible, which wasinserted
in a 13 mm diameter fused silicatube. The tube was then evacuated
and sealed under a residual pressure of ~1 x 10* Torr. For a
typical experiment the following amounts were used: Pb (6.1401
g, 29.634 mmol), Cd (0.0333 g, 0.296 mmol), Te (3.8191 g, 29.930
mmol), and Pbl, (0.0075 g, 0.016 mmol) were used to prepare 10 g
of PbTe—1 mol % CdTe—0.055 mol % Pbl,.

The silicatube was heated at 1323 K for 5 h and cooled to 1023
K in 2 h. After standing at 1023 K for 4 h, the tube was cooled to
room temperature over 12 h. Dense ingots were obtained with a
dark silvery metallic shine. The ingots are stable in water and air
and are strong enough to survive cutting and polishing.
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Powder X-ray Diffraction and Infrared Spectroscopy. Powder
X-ray diffraction patterns for samples of PbTe—x% CdTe—0.055%
Pbl, (x=1, 3,5, 7, 10) and PbTe—1% CdTe—-z2% Sb (z=1, 2, 3,
4, 5, 6) were collected using Cu Ka radiation on an INEL
diffractometer equipped with a position-sensitive detector and
operating at 40 kV and 20 mA. Room-temperature optical diffuse
reflectance measurements were performed using a Nicolet 6700
FTIR spectrometer in order to probe optical energy band gaps. This
system was described elsewhere.™®

Thermal Conductivity. The thermal diffusivity (D) was directly
measured under a nitrogen atmosphere, and the specific heat (Cp)
was indirectly derived using a standard sample (Pyroceram) as a
function of temperature from room temperature to ~720 K using
the flash diffusivity method in a NETZSCH LFA 457 MicroFlash
instrument. In the flash diffusivity method, the front face of adisk-
shaped sample (~8 mm diameter and 1—2 mm thickness) is
irradiated by a short laser burst, and the resulting rear face
temperature rise is recorded and analyzed by an IR detector. The
thermal conductivity (k) was calculated from the equation « =
DC,p, where p isthe density of the sample, measured using sample
dimensions and mass.

Electrical Properties. The samples for electrical properties
measurement were cut and polished into a rectangular shape of
~3mm x 3mm x 9 mm. The longer direction coincides with the
direction in which the thermal conductivity is measured. The
electrical conductivity o and Seebeck coefficient Swere measured
simultaneously under a helium atmosphere (~0.1 atm) from room
temperature to ~720 K using a ULVAC-RIKO ZEM-3 system.

Hall M easurements. The Hall coefficient was measured by using
ahomemade high-temperature apparatus, which provides aworking
range from 300 to ~873 K. The sample was press mounted and
protected with argon gas to avoid possible oxidization at high
temperature. The Hall resistance was monitored with a Linear
Research AC Resistance Bridge (LR-700), with constant magnetic
fields of +1 T applied by using an Oxford Superconducting magnet.

High-Resolution ~ Transmission Electron  Microscopy
(HRTEM). The TEM samples were prepared by polishing,
dimpling, and ion milling with liquid nitrogen to obtain thin
specimens for analysis. Transmission electron microscope inves-
tigations were carried out in a JEOL 2100F microscope.

Results and Discussion

Powder X-ray Diffraction and Band Gaps. The powder X-ray
diffraction patterns of samples of PbTe —x% CdTe—0.055%
Pbl, (x =1, 3, 5, 7, 10) and PbTe—1% CdTe—2% Sb (z= 1,
2, 3, 4, 5, 6) are shown in Figure 1(a) and (b), respectively.
The samples crystallize in the NaCl-type structure without any
noticeable second phase, Figure 1(a). The metallic radius'® of
Pb (1.750 A) islarger than those of Cd (1.568 A) and Sb (1.571
A), and thus a small lattice contraction is expected with Cd
and/or Sb incorporation. The refined lattice parameters for x =
1, 3,5, 7, and 10 are 6.466(1), 6.454(1), 6.451(1), 6.455(1),
and 6.454(1) A, respectively. This indicates that there is a
maximum solid solubility limit of ~3% CdTe in PbTe because
of nearly constant lattice parameters above x = 3, which is
consistent with previous studies.*”*8 This solubility limit is
however overestimated, as we will show below using TEM

(15) Han, M.-K.; Hoang, K.; Kong, H.; Pcionek, R.; Uher, C.; Paraskevopou-
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(10), 3512-3520.
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Figure 1. (a) Powder X-ray diffraction patterns of samples of PbTe—x% CdTe—0.055% Pbl, (x =1, 3, 5, 7, 10) and (b) PbTe—1% CdTe—2% Sb (z= 1,
2, 3,4,5,6), and (c) infrared absorption spectra and energy band gaps of samples of PbTe—x% CdTe—0.055% Pbl, (x =1, 3, 5, 7, 10) and (d) PbTe—1%

CdTe—-2% Sb (z=1, 2, 3, 4,5, 6).
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Figure 2. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, and (d) carrier concentration of samples of

PbTe—x% CdTe—0.055% Pbl, (x = 1, 3, 5, 7, 10).

studies. The diffraction peaks from CdTe (zincblende, ZnS-type)
should be observed for x = 5, 7, and 10 in Figure 1(a), but
they were not seen because all Bragg peaks of the ZnS-type
phase (a = 6.4809 A) overlap with those of the NaCl phase.
However, as shown Figure 1(b), the powder X-ray diffraction
patterns for the Sh-containing samples indicate that there is a
small Sb peak around 28 deg even in the 1% Sb sample, and
this is consistent with the low solubility of Sb in PbTe.'®
Typical infrared absorption spectrafor samples of PbTe—x%
CdTe—0.055% Pbl, (x = 1, 3, 5, 7, 10) and PbTe—1%
CdTe—2% Sb (z= 1, 2, 3, 4, 5, 6) are shown in Figure 1(c)

and (d). In Figure 1(c), all samples exhibit spectroscopically
observable energy band gaps between 0.30 and 0.36 eV
compared to ~0.29 eV of pure PbTe. The dlightly higher band
gap of PbTe—CdTe samples can be attributed to both the wider
band gap of CdTe (1.56 eV) and more ionic character in the
Cd—Te bond than the Pb—Te bond. For the Sb-containing
samples in Figure 1(d) they show nearly constant energy band

(19) Henger, G. W.; Peretti, E. A. J. Less-=Common Met. 1965, 8 (2), 124—
135.
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Figure 3. (&) Absolute value of the thermopower of various samples (x = 1, 3, 5, 7) as afunction of the carrier concentration on alogarithmic scale at room
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temperature dependence of the thermoelectric figure of merit of samples of PbTe—x% CdTe—0.055% Pbl, (x = 1, 3, 5, 7, 10).

gap ranging between 0.29 and 0.30 eV regardless of Sb
concentration.

Effect on Thermoelectric Properties of CdTe Concentra-
tion in PbTe. Figure 2(a) shows the temperature dependence of
the dectrical conductivity of samples of PbTe—x% CdTe—0.055%
Pbl, (x = 1, 3, 5 7, 10). For all samples, the electrica
conductivity decreases with increasing temperature, which is
indicative of degenerate doping. The room-temperature electrical
conductivities of sampleswithx =1, 3, 5, 7, and 10 are ~2900,
~1700, ~1500, ~1200, and ~900 S/cm, respectively. As we
will discuss below, the electrical conductivity decreases at higher
CdTe concentration mainly because of the reduction in mobility.
The electrical conductivity of the samples follows a nearly
quadratic temperature-dependent power law of o ~ T2 (6 =
2.1-2.3), which is typical for n-type PbTe samples where
acoustic phonon scattering dominates at high temperature:° o
are 2.3, 2.2, 2.1, 21, and 23 for x = 1, 3, 5, 7, and 10,
respectively.

The Seebeck coefficient of the samples is shown in Figure
2(b). All samples show negative Seebeck coefficients over the
entire temperature range, indicating n-type conduction. The
Seebeck coefficient follows a nearly linear temperature depen-
dence, and the room-temperature Seebeck coefficients are around
—90, —100, —110, —110, and —130 uV/K for x =1, 3, 5, 7,
and 10, respectively. Figure 2(c) shows the temperature-
dependent power factors (PF = 0S) of samples. As the
temperature rises, the power factor increases, reaches a maxi-
mum, and then falls. For instance, in the case of x = 1, the
power factor starts from ~22 W/(cm K?) at room temperature,
reaches a maximum of ~25 uW/(cm K?) around 430 K, and
then decreases to ~17 uW/(cm K?) around 720 K. Power factors
of ~17, ~13, ~13, ~11, and ~10 uW/(cm K?) were reached
around 720 K for x =1, 3, 5, 7, and 10, respectively.

The doping levels of the samples were probed with Hall effect
measurements. The Hall coefficients measured in the temper-

(20) Allgaier, R. S;; Scanlon, W. W. Phys. Rev. 1958, 111, 1029-1037.
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ature range of 300—873 K were negative, indicative of n-type
conduction and consistent with the negative Seebeck coef-
ficients. Assuming a simple parabolic band and single carrier
conduction in our anaysis, the carrier concentration n was
determined from the relationship n = 1/eRy, where e is the
electronic charge and Ry is the Hall coefficient. Figure 2(d)
shows temperature-dependent carrier concentrations of
PbTe—x% CdTe—0.055% Pbl, (x = 1, 3, 7). One may notice
that their carrier concentrations slightly decrease until ~700 K
and then go up. In principle, the carrier concentration should
be temperature independent in the extrinsic region because all
the electrons at the donor levels are excited to the conduction
band and thus the majority carrier (electron) concentration
should stay at an almost constant level. In the intrinsic region
the carrier concentration may be temperature dependent because
electrons are excited from the valence band to the conduction
band and thus minority carriers (hole) start to affect the
magnitude of Ry according to eq 1.

nﬂz -n 2
Ryl = 1 n—#pz in the low magnetic field limit
& (nu, + pup)
)

where n is electron concentration, p is hole concentration, un is
electron mobility, and u,, is hole mobility. However, we do not
think that the slight variation in carrier concentration between
300 and 700 K is within the experimental error of Hall
coefficient. The Hall data have accuracy better than the size of
the symbol in Figure 2(d). That temperature trend isreal and is
likely due to the fact that the system is not fully degenerate as
an ordinary metal would be, and there may be some dependence
on the nature of scattering. In PbTe-based samples above
~700 K intrinsic conduction may occur and change the Hall
coefficient with temperature. The room-temperature carrier
concentration is nearly constant regardless of CdTe concentra-
tion: ~1.7 x 10 cm~3for x = 1, ~1.8 x 10 cm™2 for x =
3, and ~1.9 x 10 cm™3 for x = 7. Figure 3(a) shows the
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absolute value of the Seebeck coefficient of samples as a
function of carrier concentration at room temperature. The solid
line (Pisarenko line*) in Figure 3(a) is a Pisarenko plot for
bulk PbTe, and most n-type and p-type bulk PbTe samples fall
on this line.?22* Our samples fall near this ling, and thus an
enhancement in Seebeck coefficient that could be attributed to
resonance levels was not observed.

The Hal mohility uy was derived from the equation uy = o/ne.
The variation of the Hall mobility with temperature is shown in
Figure 3(b). The room-temperature Hall mobilities of x = 1, 3,
and 7 are high at ~1200, ~860, and ~780 cm?/(V ), respectively.
The mohility tends to decrease as the CdTe concentration increases
because CdTe precipitatesin the PbTe matrix play arole aselectron
scatterers. For comparison the mobility of PbTe with a carrier
concentration of 5 x 10 cm™2 is ~1500 cm?/(V 9) at 300 K. %
The carrier-concentration-dependent mobility at afinite temperature
for n-type PoTe samplesisuy ~n B a 77K and u ~ n*3 at 4.2
K.?® The temperature-dependent mobility of PbTe—x% CdTe
—0.055% Phl, (x =1, 3, 7) follows a quadratic power law of u ~
T (A = 2.1), which is in good agreement with those of n-type
PbTe samples.®’

The temperature dependences of the total and lattice thermal
conductivity of samples are plotted in Figure 3(c). For com-
parison, the lattice thermal conductivities of PbTe—0.055% Pbl,
and undoped PbTe—1% CdTe samples made by the same
preparation condition are shown together in Figure 1s (Sup-
porting Information). For x = 1, the total thermal conductivity
Ktot 1S ~3.0 W/(m K) at room temperature, and it decreases with
increasing temperature, reaching ~1.1 W/(m K) at ~720 K.
The kit is the sum of the electronic thermal conductivity kgec
and the lattice therma conductivity k. The kegec Can be
calculated from the Wiedemann—Franz law, kgec = LooT, where
the Lorenz number Ly = 2.45 x 1078 V%K? was taken at its
full degenerate value.® Subtracting the electronic term from
the total thermal conductivity one obtains an estimate of the
|attice thermal conductivity of the samples. However, it isknown
that L can be 20% lower at high temperature, where the reduced
Fermi energy (EZ/KT) is small.?® Overestimating the Lorenz
number at high temperature resultsin higher the electronic therma
conductivity (kaec), and thus, in underestimating the lattice thermal
conductivity (kiz) by ~30%. Consequently, in this work it is
possible the value of the lattice thermal conductivity especialy at
high temperature could be underestimated.

For al samples, the estimated room-temperature lattice
thermal conductivities are in the range 0.9—1.9 W/(m K)
compared to the value of ~2.2 W/(m K) in PoTe* and that of
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Table 1. Comparison of the Lattice Thermal Conductivity of the
PbTe—1% CdTe with bulk PbTe and Nanostructured PbTe
Materials Such As LAST-18, PbTe—PbS, and PbTe—Sb

compound e (W/m-K) at ~300 K ke (W/m-K) at ~700 K
PbTe? ~2.2 ~1.0
PbTe—1% CdTe ~0.9 ~0.5
LAST-18° ~0.8 ~0.4
(PP 95SN0,05 T €)0.92(P0S)0.08° ~0.4 ~0.4
PbTe—2% Sb? ~0.8 ~0.7

aRef 30. ° Ref 15. ©Ref 6. ¢ Ref 31.

40 nm

Figure 4. (a) Low-magnification bright-field image of PbTe—1% CdTe
showing CdTe precipitates with adark contrast embedded in the PbTe matrix
and (b) high-resolution lattice image clearly displaying matrix, precipitates,
and their boundaries. (c) STEM image of PbTe—10% CdTe depicting a
microscale CdTe precipitate in the PbTe matrix and (d) electron diffraction
pattern including the large precipitate and matrix, which does not show
split Bragg spots, suggesting very similar lattice parameters. (€) Low-
magnification image of PbTe—10% CdTe sample showing two types
(nanoscale and microscale) of CdTe precipitates. (f) Lattice image of
boundary between the PbTe matrix and large CdTe precipitate.

~2.5W/(m K) for the PbTe—0.055% Pbl, sample in thiswork.
Namely, the room-temperature x4 was ~0.9, ~1.3, ~1.3, ~1.9,
and ~1.9W/(mK) forx =1, 3, 5, 7, and 10, respectively. The
value for x = 1 is comparable to estimates on other PbTe
nanostructured materials such as LAST-18," PoTe—PbS,® and
PbTe—Sb;*! see Table 1. This implies that nanostructuring
through CdTe precipitation in the PbTe—CdTe system may also
be occurring and is effective in scattering phonons. This was
confirmed by the TEM studies presented below. It is notable
that the lowest lattice therma conductivity was observed for
the 1% CdTe sample. Figure 3(d) shows the thermoelectric
figure of merit ZT as a function of temperature. The highest
ZT of ~1.2, ~0.9, ~0.9, ~1.0, and ~0.8 at ~720 K were
achieved for x = 1, 3, 5, 7, and 10, respectively. Especidly,
for x =1the ZT of ~1.2 at ~720 K is significantly higher and
dightly higher compared to the corresponding ZT of ~0.8 for

(31) Sootsman, J. R.; Pcionek, R. J.;; Kong, H.; Uher, C.; Kanatzidis, M. G.
Chem. Mater. 2006, 18 (21), 4993-4995.
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Figure 5. (a) Temperature dependence of electrical conductivity, (b) Seebeck coefficient, (c) absolute value of the thermopower of various samples as a
function of the carrier concentration on a logarithmic scale at room temperature, and (d) temperature dependence of power factor of samples of PbTe—1%

CdTe—y% Pbl, (y = 0.03, 0.045, 0.055, 0.08, 0.1, 0.2).

optimized PbTe? and that of ~1.1 recently reported for PoTe,*?
respectively. This improvement is mainly attributed to the low
lattice thermal conductivity of ~0.5 W/(m K) at ~720 K and
not to the power factor, which is normal for a PbTe-based
material at this temperature.®® For a control experiment, the ZT
of a PbTe—0.055% Pbl, sample made by the same preparation
conditions was determined to be only ~0.5.

High-Resolution ~ Transmission Electron  Microscopy
(HRTEM). The significant reduction of lattice thermal conduc-
tivity in the PbTe—CdTe system should be due to the formation
of CdTe nanoparticles inside the PbTe matrix. It is believed
that embedded nanostructures in the bulk matrix can impact
the enhanced thermoel ectric performance through reduced lattice
thermal conductivity.®>® TEM investigation of this system
verified the presence of nanoscale precipitates in both the
PbTe—1% CdTe and the PbTe—10% CdTe samples, but
microscale precipitates only for the latter. Figure 4(a) shows a
typical low-magnification image of the PbTe—1% CdTe sample,
which depicts some inclusions with dark contrast and a size
distribution of 2— 8 nm in the matrix. Figure 4(b) is a lattice
image with two precipitates (dark spots) and clearly shows the
coherent interface. The precipitates are presumably CdTe
nanocrystals. The presence of nanocrystals inside the matrix
should be the key for the strong suppression of the lattice thermal
conductivity observed in the PbTe—1% CdTe sample in
comparison to pure PbTe. These results suggest that the 3%
solubility limit of CdTe in PbTe reported in the phase diagram
is overestimated and the true limit is less than 1%. This
highlights the dangers of using X-ray diffraction studies to
determine solubility limits.

Figure 4(c) is a scanning transmission electron microscopy
(STEM) image of the PbTe—10% CdTe sample that depicts a
large dark CdTe precipitate in the PbTe matrix. The nanoscale
precipitates at this magnification cannot be seen. Figure 4(d) is

an electron diffraction pattern with the selected area aperture
including the large precipitate and the PbTe matrix. From this
diffraction pattern, we found no split spots, which isindicative
of the precipitates having a similar crystal structure and very
close lattice parameter to the matrix (coherent and endotaxial).
Two types of CdTe precipitates (nanoscale and microscale) are
clearly shown in alow-magnification TEM image (Figure 4(€)).
In Figure 4(f) the lattice image shows atomic resolution level
boundaries between the PbTe matrix and large CdTe precipi-
tates. Thisimage also shows modulated regions that arise smply
from the overlap between the PbTe and CdTe lattices along
the electron beam direction.

The nanoscale CdTe precipitates are dispersed evenly for the
1% CdTe sample, but for the 10% CdTe sample their size
distribution ranges from nanometers to micrometers. The large
micrometer size precipitates are believed not to contribute to
any lattice therma conductivity reduction, as the 10% CdTe
sample exhibits a higher lattice thermal conductivity than the
1% CdTe sample.

Effect on Thermoelectric Properties of Pbl, Concentration
in PbTe—x% CdTe (x = 1, 5). As shown above, the PbTe—1%
CdTe sample showed a high ZT with a lower lattice thermal
conductivity, but no significant enhancement in Seebeck coef-
ficient that might be attributed to a resonance level was observed
at the 0.055% Pbl, concentration. According to the Mott
equation 21333

o i(kﬂ)(d[ln(a(E))]) _
E=E;

3\ e dE
nz(kéT) 1dn(E) | 1du(E)
3le (ﬁd—E U Jee, @

where kg is the Boltzmann constant, e is the electronic charge,
o(E) is the energy-dependent electrical conductivity, Er is the

(32) Gelbstein, Y.; Dashevsky, Z.; Dariel, M. P. Phys. B 2005, 363, 196—
205.
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Fermi energy, n(E) is the energy-dependent carrier concentra-
tion, and u(E) is the energy-dependent mobility; the resonance
level should be appropriately located around the Fermi level in
order to significantly boost the Seebeck coefficient for a given
carrier concentration. Thus, it is necessary to tune the carrier
concentration of a sample to position the Fermi level near the
resonance level. For this purpose, we investigated the thermo-
electric properties of the samples of PbTe—1% CdTe—y% Pbl,
(y = 0.03, 0.045, 0.055, 0.08, 0.1, 0.2). Also, we investigated
doped samples of PbTe—5% CdTe—y% Pbl, (y = 0.01, 0.03,
0.055, 0.08) in order to probe if fractions of CdTe created
resonance levels.

Figure 5(a) and (b) shows the temperature dependence of
electrical conductivity and Seebeck coefficient of PbTe—1%
CdTe—y% Pbl, (y = 0.03, 0.045, 0.055, 0.08, 0.1, 0.2),
respectively. As expected, in Figure 5(a) the room-temperature
electrical conductivity increases with increasing the Pbl,
concentration, which probably derives from the increase in the
carrier concentration: ~1700 S/cm for y = 0.03, ~2300 S/cm
for y = 0.045, ~2900 S/cm for y = 0.055, ~3100 S/cm for y
= 0.08, ~3500 S/cm for y = 0.1, and ~3900 S/cm for y = 0.2.
The temperature-dependent electrical conductivity follows a
power law of o0 ~ T% (6 = 2.0 — 2.5): 25 for y = 0.03, 2.3
fory = 0.045, 2.3 for y = 0.055, 2.2 for y = 0.08, 2.1 fory =
0.1, and 2.0 for y = 0.2. In Figure 5(b), the absolute value of
the room-temperature Seebeck coefficient decreases with in-
creasing the Pbl, concentration, which is consistent with their
electrical conductivity data: —120 uV/K fory = 0.03, =90 uV/K
for y = 0.045, —90 uV/K for y = 0.055, —70 uVI/K fory =
0.08, =50 uV/K for y = 0.1, and —40 uV/K for y = 0.2.

The carrier concentrations of samples of PbTe—1%
CdTe—y% Pbl, (y = 0.03, 0.045, 0.055, 0.08, 0.1) were probed
with Hall effect measurements. Their room-temperature carrier
concentrations are as follows: ~0.9 x 10* cm™3 for y = 0.03,
~1.4 x 10 cm 2 for y = 0.045, ~1.7 x 10° cm 2 fory =
0.055, ~2.3 x 10* cm~3 for y = 0.08, and ~3.4 x 10" cm™3
for y = 0.1. In Figure 5(c), the absolute values of Seebeck
coefficient of samples at 300 K versus carrier concentration are
plotted with the so-called Pisarenko plot?*=“ in order to see
whether the Seebeck coefficient of samples is enhanced at the
same carrier concentration. Our samples nearly follow the
Pisarenko plot, and thusiit is clear that no significant enhance-
ment in the room-temperature Seebeck coefficient is observed
in the various Pbl, concentrations. According to experimental
data associated with In or Tl resonant levels,*? dopants cease
to act as donors (or acceptors) when their concentrations reach
the point where Fermi level pinning is reached. Such a saturating
behavior is not observed here. This is consistent with the lack
of resonance level being present or being accessed at these
carrier concentrations.

The corresponding temperature-dependent power factors of
the PbTe—1% CdTe are shown in Figure 5(d). The power factor
of y = 0.03 decreases with increasing temperature, but those
of y = 0.045, 0.055, and 0.08 increase, reach a maximum, and
then decrease with increasing temperature. For y = 0.1 and 0.2,
the power factor increases and saturates with increasing tem-
perature. The room-temperature power factors of y = 0.03,
0.045, 0.055, 0.08, 0.1, and 0.2 are ~25, ~19, ~22, ~16, ~9,
and ~6 uW/(cm K?2), respectively. The respective power factors
at ~720 K are ~13, ~16, ~17, ~17, ~16, and ~16 uW/(cm
K2).

Figure 6(a) and (b) shows the temperature dependence of
electrical conductivity and Seebeck coefficient of PbTe—5%
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Figure 6. (a) Temperature dependence of electrical conductivity, (b)
Seebeck coefficient, and (c) power factor of samples of PbTe—5%
CdTe—y% Pbl, (y = 0.01, 0.03, 0.055, 0.08).

CdTe—y% Pbl, (y = 0.01, 0.03, 0.055, 0.08), respectively. The
room-temperature electrical conductivity increases with increas-
ing the Pbl, concentration: ~200 S/cm for y = 0.01, ~800 S/cm
for y = 0.03, ~1500 S/cm for y = 0.055, and ~1800 S/cm for
y = 0.08. The temperature-dependent electrical conductivity
follows a power law of o ~ T (0 = 2.1-2.2): 22 fory =
0.01, 2.2 fory = 0.03, 2.1 for y = 0.055, and 2.1 for y = 0.08.
In Figure 6(b), the absolute value of the room-temperature
Seebeck coefficient decreases with increasing the Pbl, concen-
tration: —260 uV/K for y = 0.01, —140 «V/K for y = 0.03,
—110 uVIK for y = 0.055, and —90 uV/K for y = 0.08. The
corresponding temperature-dependent power factors are shown
in Figure 6(c). The room-temperature power factors of y = 0.01,
0.03, 0.055, and 0.08 are ~14, ~16, ~19, and ~14 uW/(cm
K?), respectively.

Figure 7(a) shows the total and lattice thermal conductivity
as afunction of temperature for the PbTe—1% CdTe. The total
thermal conductivity «i increases with increasing the Pbl,
concentration because of the electronic thermal conductivity xeec
contribution. In terms of the lattice thermal conductivity 4t
the k4 a ~720 K convergesto ~0.5 W/(m K) though the room-
temperature x4 is different for various Pbl, concentrations. The
temperature dependence of the figure of merit for the PbTe—1%
CdTeisplotted in Figure 7(b). The ZT at ~720 K of y = 0.045,
0.055,0.08, 0.1, and 0.2is ~1.1, ~1.2, ~1.0, ~0.8, and ~0.7,
respectively. This indicates that the optimal Pbl, doping of the
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Figure 7. (a) Temperature dependence of the total (solid line) and lattice (dash line) thermal conductivity and (b) the thermoelectric figure of merit of

samples of PbTe—1% CdTe—y% Pbl, (y = 0.045, 0.055, 0.08, 0.1, 0.2).

PbTe—1% CdTefor best ZT is0.055 mol %, though a Seebeck
coefficient enhancement by resonance levels was not observed
in various Pbl, concentrations.

Effect on Thermoelectric Properties of Sb Doping in
PbTe—1% CdTe. We attempted to tune the carrier concentration
of PbTe—1% CdTe by Sb doping instead of Pbl,. Figure 8(a)
and (b) shows the temperature dependence of electrical con-
ductivity and Seebeck coefficient of PbTe—1% CdTe—2% Sb
(z=0.3,05,1, 2, 4, 6). In Figure 8(a), as expected, the room-
temperature electrical conductivity increases with increasing the
Sb concentration until z = 2, but then decreases with further
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Figure 8. (a) Temperature dependence of electrical conductivity, (b)
Seebeck coefficient, and (c) power factor of samples of PbTe—1%
CdTe—2% Sb (z= 03,05, 1, 2, 4, 6).
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higher Sb concentrations, which is probably due to the decrease
in mobility above z= 2: ~1500 S/cm for z= 0.3, ~1900 S/cm
for z= 0.5, ~2900 S/cm for z = 1, ~3900 S/cm for z = 2,
~3800 S/cm for z= 4, and ~3300 S/cm for z= 6. The electrica
conductivities of PbTe—1% CdTe—2% Sb (z= 0.3, 0.5, 1, 2,
4) follow a nearly quadratic temperature-dependent power law
of o~ T (5 =19-24):24forz=0.3,24forz=05,2.2
forz=1,2.1forz= 2, and 1.9 for z= 4. However, the power
exponent of 6% Sh-containing sample is 1.6, which indicates
that the higher Sb concentration causes the conductivity behavior
to deviate from a quadratic power law probably due to either
the transport behavior of the PbTe—CdTe system modified by
excess antimony or a conductivity behavior of a mixed phase
system. In Figure 8(b), the absolute value of the room-
temperature Seebeck coefficient decreases with increasing Sb
concentration, which confirms that the carrier concentration
increases with increasing Sb concentration: —130 uV/K for z
= 0.3, —120 uVIK for z = 0.5, =70 uV/K for z = 1, —50
uVIK forz=2, =50 uVIK for z= 4, and —40 uV/K for z=
6. It seems that a Sb concentration of over 2% increases the
carrier concentration while it decreases the mobility. The
amphoteric nature of antimony as a dopant in PbTe has been
recently reported,® but Sb appears to be an n-type dopant in
the PbTe—CdTe system. Clearly, no significant enhancement
in the room-temperature Seebeck coefficient consistent with a
resonance level was observed at any Sb concentration.

The corresponding power factors of PbTe—1% CdTe—2z%
Sb(z=0.3,0.5, 1, 2, 4, 6) are shown in Figure 8(c). The power
factors of z= 0.3 and 0.5 decrease with increasing temperature,
while those of z = 1, 2, 4, and 6 increase with increasing
temperature and saturation. The room-temperature power factors
of z=0.3,05, 1, 2, 4, and 6 are ~24, ~27, ~13, ~11, ~10,
and ~4 uW/(cm K?), respectively. The respective power factors
at ~720 K are ~12, ~16, ~16, ~18, ~17, and ~15 uW/(cm
K?).

Figure 9(a) shows the temperature dependence of the total
and lattice thermal conductivity. The total thermal conductivity
Kot INCreases with increasing Sb concentration because of the
contribution of electronic thermal conductivity. The lattice
thermal conductivity x4 derived from the Wiedemann—Franz
law using the Lorenz number Lo = 2.45 x 108 VK2 is plotted
together in Figure 9(a). The ki at ~720 K for z= 0.5, 1, 2, 4,
and 6 is ~0.6, ~0.6, ~04, ~0.6, and ~0.7 W/(m K),
respectively. The thermoelectric figure of merit, ZT, is shown

(34) Jaworski, C. M.; Tobola, J; Levin, E. M.; Schmidt-Rohr, K.;
Heremans, J. P. Phys. Rev. B 2009, 80, 125208-1-125208-10.
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Figure 9. (a) Temperature dependence of the total (solid line) and lattice (dash line) thermal conductivity and (b) the thermoelectric figure of merit of

samples of PbTe—1% CdTe—2% Sb (z= 0.5, 1, 2, 4, 6).

in Figure 9(b). The ZT at ~720K forz=0.5,1, 2,4, and 6 is
~1.1, ~0.9, ~1.0, ~0.7, and ~0.6, respectively.

Concluding Remarks

The thermoelectric properties of PbTe—CdTe samples were
studied in detail in an effort to test theoretical predictions that
Cd resonance levels can form in the conduction band, which
could increase the Seebeck coefficient. No significant enhance-
ment in the Seebeck coefficient was observed in various dopant
concentrations (Pbl, or Sb), which suggests that a resonance
level either does not exist in the PbTe—CdTe system or was
not accessed through the doping levels used in the present
studies. The absence of aresonance level could be attributed to
the low solubility of Cd in the Pb sublattice of PbTe, which
was found to be <1% and much lower than the solubility limit
reported in the PbTe—CdTe phase diagram. At such concentra-
tions we presume that the Cd atoms are too far apart and form
only localized levels near the bottom of the conduction band
and not an extended resonance state that couplesto it. Neverthe-
less, high-resolution transmission electron microscopy shows
that well-devel oped nanostructuring is present in these materials
arising from the nucleation and growth of CdTe nanocrystals
and as a consequence of the low solubility of Cd. This plays an

important role in reducing the lattice thermal conductivity. The
moderate enhancement in ZT over PbTe achieved in the
PbTe—CdTe system is mainly attributed to the low lattice
thermal conductivity with no evidence for resonance levels being
important.
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