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Thermoelectric; Lead telluride and its alloys have been extensively studied for medium temperature thermoelectric
Cr doping; applications due to decent figure-of-merit (ZT) at temperature close to 900 K. However, little
Te:Se ratio; emphasis has been given to improve the ZT near room temperature. In this investigation, we report a
é\t{ﬁe'giae?:cfn systematic study of Cr doping in PbTe; _,Se, with y=0, 0.25, 0.5, 0.75, 0.85, and 1. We found the peak

ZT temperature increased with increasing concentration of Se. The highest ZT of ~0.6 at room
temperature in Te-rich Crg 15Pbg.985T€0.755€0.25 Was obtained due to a lowered thermal conductivity
and enhanced power factor resulted from high Seebeck coefficient of about —220 uV K=" and high
Hall mobility ~ 1120 cm? V=" s~ at room temperature. A room temperature ZT of ~0.5 and peak ZT
of ~1 at about 573-673 K is shown by Se-rich sample Crg 1Pbg.99T€0.255€0.75. This improvement of the
room temperature ZT improved the average ZT over a wide temperature range and could potentially
lead to a single leg efficiency of thermoelectric conversion for Te-rich Crg g15Pbg.9g5T€0.755€0.25 UP tO
~11% and Se-rich Crg o1Pbg.99T€0.255€0.75 Up to ~ 13% with cold side and hot side temperature at 300 K
and 873 K, respectively, if matched with appropriate p-type legs.
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Introduction

Thermoelectric materials can directly convert heat into elec-
tricity without moving parts [1,2]. The performance of a
thermoelectric material is characterized by its dimensionless
figure of merit (ZT), which is a function of materials' temp-
erature-dependent properties [1,3], ZT = [S%/(ke+xV)IT,
where S, o, ke, ki, and T are the Seebeck coefficient, electrical
conductivity, electronic thermal conductivity, lattice thermal
conductivity, and absolute temperature, respectively [3,4].
Accordingly, making an efficient thermoelectric generator
requires maximizing ZT over a wide temperature range, which
ultimately demands materials with high Seebeck coefficients,
high electrical conductivities, and low thermal conductivities.
It is very difficult to independently tune these parameters since
they are interrelated. Significant efforts have been put into
decoupling them using various techniques [5,6]. The introduc-
tion of nanostructures into bulk thermoelectric materials gives
the opportunity to independently tune these parameters [7,8]
and significantly reduces the thermal conductivity by scattering
a broad spectrum of phonons [9,10]. Recently, band engineer-
ing based on modifying the band structure by alloying [11-13] or
doping to create impurity levels for resonating with the host
band [14,15] or both [16,17] lead to significant achievements in
obtaining higher ZT values.

Lead telluride (PbTe) [18] with its intrinsically low
thermal conductivity [19] is one of the most studied
thermoelectric materials for medium temperature applica-
tions [20]. The thermoelectric performance of PbTe has
been enhanced by alloying with its isostructural sister
compound PbSe. The partial substitution of Te by Se leads
to disorder via atomic mass fluctuations, distortion in the
crystal lattice and formation of defect states, which can
effectively scatter phonons more than charge carriers
(electrons or holes) to reduce thermal conductivity
[9,10,21]. Significant progress has been reported in improv-
ing the ZT of PbTe by simultaneous alloying, doping, and
band engineering. Tl acts as a resonant dopant in PbTe to
enhance the ZT to ~1.5 by modifying the band structure
[14]. By potassium doping, a peak ZT value of ~1.7 at 873 K
was achieved in Ko_oszo_ggTeo_15560_85 [20] A ZT of ~1.8
was obtained in p-type Nag.2Pbg.ogTen.855€0.15 by band
convergence [11]. Even though the peak ZTs of these
materials at high temperatures are high, the average ZTs
are low because the ZTs below 400 K are very low [22,23],
which significantly reduces the efficiency of these
materials.

Cr was reported as a resonant donor in PbTe, PbSe, and
PbTe;_,Se, systems at low temperatures [24]. The room-
temperature Seebeck coefficient and power factor in PbTe
[25] and PbSe [26] can be increased by Cr doping. However, the
improvement was proved to not be due to resonant scattering.
One study shows the formation of a Cr resonant state in PbTe,
with energy 100 meV above the conduction band bottom of
PbTe at 0 K, but the state moves into the band gap when the
temperature increases to room temperature and hence does
not contribute to a power factor enhancement at or above
room temperature [27]. Another study also found Cr impurity
states within the conduction band of PbTe [25]. However, the
band distortion that comes from such a resonance of the Cr
impurity level is not broadened well enough to properly align
the Fermi level with the enhanced density of states and hence

does not contribute to the enhancement of Seebeck coef-
ficient.

In this work, we systematically studied the enhancement of
both the ZT near room temperature and the average ZT of
PbTe,_,Se, across a wide temperature range with y = 0, 0.25,
0.50, 0.75, 0.85, and 1 by Cr doping. The reduction in thermal
conductivity due to phonon scattering by the introduced point
defects from the alloying, together with the optimized electro-
nic properties by Cr doping, contributed to the enhancement of
the room temperature ZT to ~0.6 for Te-rich Crg g15Pbg. 985
Tep.755€0.25 and a peak ZT of ~ 1 at about 573 K to 673 K for Se-
rich Crg o1Pbg.g9Te0.255€0.75 With a room temperature ZT of
~0.5. The calculated efficiency of each single leg Crg o15Pbg.og5
Te0.75560.25 and Cro_m Pbo_ggTeo_z5seo_75 is ~11% and ~ 13%,
respectively, with a cold side temperature at 300K and hot
side temperature at 873 K.

Experimental section
Synthesis

Cylindrical shaped ingots of ~10g CrPby_,Te;_,Se, (x =
0.005, 0.01, 0.015, and 0.02, and y = 0, 0.25, 0.50, 0.75, 0.85,
and 1) were prepared in a carbon coated quartz tube by using
high purity elements (Cr pieces, 99.99%; Pb granules, 99.99%;
Te chunks 99.999%; and Se granules, 99.99%) according to their
stoichiometric weights. The tubes were evacuated to ~3 x
10~ “Pa and sealed, and then slowly heated at 1000-1100 °C at
a rate of 200 °C/h and then held at that temperature for 6 h,
then slowly cooled at the same rate to 650 °C and kept there
for 50 h, and then finally cooled to room temperature. The
ingots obtained from this procedure were cleaned and hand
milled in a glove box with an argon environment. The hand-
milled powder was then loaded into a half-inch graphite die,
hot pressed at 600 °C for 2 min, air cooled, polished to disks
with average thickness of 1.8-2 mm. These disks are cut into
desired shapes for further characterizations.

Characterizations

X-ray diffraction spectra analysis was conducted on a PANaly-
tical multipurpose diffractometer with an X'celerator detector
(PANalytical X'Pert Pro). The microstructures were investigated
by a scanning electron microscope (SEM, LEO 1525) and a high
resolution transmission electron microscope (HRTEM, JEOL
2100F). The chemical composition was analyzed on an
energy-dispersive X-ray (EDX) spectrometer attached to SEM
(JEOL 6330F). The thermal diffusivity (a) was measured by a
laser flash analyzer (Netzsch LFA 457) on a half-inch disk with
thickness of 1.8-2 mm, the specific heat (C,) was measured by
a differential scanning calorimetry thermal analyzer (Netzsch
DSC 404C) on a smaller disk with diameter of 6 mm and
thickness less than 0.8 mm and the volumetric density (D) was
measured by the Archimedes method. The total thermal
conductivity was calculated by x = DaC,. We cut a bar of
~10 mm x 2 mm x 2 mm from the half-inch disc for Seebeck
coefficient (S) and electrical conductivity (6) measurements.
The Seebeck coefficient (S) and electrical conductivity (o)
measurements were done using a static direct current method
and a four-point direct current switching method,
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respectively, on a commercial (ULVAC ZEM-3) system. The
room-temperature Hall coefficient (R) was measured using a
Quantum Design Physical Properties Measurement System on a
bar with dimension of 10 mm x 2 mm x 0.5 mm cutting from
the same disc. The Hall carrier concentration ny and Hall
mobility uy were calculated from the Hall coefficient Ry by ny
=(eRy)~ " and uy = oRy, respectively. Our measurements are
accurate to within 12% for the ZT and 10% for the power
factor, coming from a 3% error in electrical conductivity, a 5%
error in Seebeck coefficient, and a 7% error in thermal
conductivity. Error bars were not used in the figures to
increase the readability of the curves.

Results and discussion

The lower thermal conductivity due to large Grineisen
parameter values and nanocomposite microstructures
[26,28], and the improved power factor values by Cr doping
have improved the average ZT of n-type PbSe over a wide
temperature range (300-873 K) [26]. When Cr is doped into
PbTe, the room temperature power factor increased dra-
matically compared with the other n-type PbTe alloys [25].
The best power factor at room temperature is ~36.50 pW
cm ™" K2 in Crg.g25Pbo.o75Te, which is approximately a 22%
increase compared to Cr-doped PbSe. This result is close to
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the values reported by Paul et al. [25] on Cr-doped PbTe.
However, the thermal conductivity increased to 2.6 Wm™"
K~' at room temperature and 1.3Wm~'K~"! at 773K,
higher than that of Cr-doped PbSe (2.2W m~"K~" at room
temperature and 1.0Wm~"K~" at 773 K). Figure 1 shows
the temperature dependence of the thermoelectric proper-
ties of Cr-doped PbTe at various Cr concentrations. The
calculated ZT is ~0.45 at room temperature and ~0.8 at
600-773 K. The relatively lower thermal conductivity in
PbSe and higher room temperature power factor from Cr-
doped PbTe motivated us to further optimize the alloy
system by achieving the best power factor and lower
thermal conductivity to achieve a higher room temperature
ZT and average ZT. We used the highest C,, of Crg 3Pbg.o7Te
for all samples CrPb;_,Te with various Cr concentrations
(Figure 1(e)). For other samples Cr,Pb;_Tes_,Se,, the selected
measured Cps are shown in Figure 2. The lattice thermal
conductivity is obtained by subtracting the electronic thermal
conductivity (ke = LoT, where L is the Lorenz number calculated
using a two-band Kane model) from the total thermal
conductivity.

Samples with compositions Cr,Pb,_,Teg 755€0.25 and Cry
Pb; _4Tegp.255€0.75 were prepared and the temperature
dependences of the thermoelectric properties are shown
in Figures 3 and 4. For CrPb;_,Teg 755€0.25, the Seebeck
coefficient shows a slight increase when the Cr doping level
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conductivity and lattice thermal conductivity, and (f) ZT.
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increases from 1 atm% to 2 atm% and a strong bipolar effect
at above 600 K. The electrical conductivity first increases
when the Cr doping reaches a critical value of 1.5 atm% and
then decreases when the doping concentration of Cr
increases to 2 atm%. This is due to the reduction in the
mobility of electrons with increasing defect density as the
dopant contributes to disorder at higher concentrations. It
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Figure 2 Temperature-dependent specific heat of CrPb;_y
Te,_,Se, (x = 0.005, 0.02, and 0.03, y = 0, 0.25, 0.5, 0.75,
0.85, and 1).
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shows a relatively higher electrical conductivity at 1.5 atm%
Cr doping level, which is attributed to the higher carrier
mobility (~1120cm?V~'s~") as confirmed by the room-
temperature Hall measurement. This electrical conductivity
in combination with the high Seebeck coefficient yields a
higher room-temperature power factor of ~24 puWcm™'
K~2 (Figure 3(c)). The room temperature mobility (1120 cm?
V~"s~") and power factor (~24 pW cm~ ' K~?) are respec-
tively lower by ~20% and 37% compared to the mobility
(~1404 cm?V~"s~") and power factor (~38 yW cm ™' K~?)
of Cr-doped PbTe reported by Paul et al. [25]. However,
despite the 37% power factor reduction, the ZT value of
Cro.015Pbo.9g5T€0.755€0.25 is ~66% higher than that of Cr-
doped PbTe [25] due to the highly suppressed thermal
conductivity. The thermal conductivity is decreased due to
the introduced atomic scale defects by alloying via atomic
mass disorder, vacancies and dislocations present in the
samples as we can see from the HRTEM images in Figure
6(b). The atomic scale defects (atomic mass disorder and
vacancies) strongly scatter phonons of high frequency and
short mean free path where as the mesoscale defects (grain
boundaries and dislocations) scatter phonons of low fre-
quency and long mean free path. From the SEM images
(Figure 5) and TEM image (Figure 6(a)), our sample is com-
posed of nano grains of size ranging from 50 nm to several
microns, which assist the scattering of phonons of mean free
path of the order of greater than or equal to 50 nm and
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Figure 3 Temperature-dependent thermoelectric properties of CryPb;_,Teg 755€0.25 (x = 0.01, 0.015, and 0.02). (a) Seebeck
coefficient, (b) electrical conductivity, (c) power factor, (d) thermal diffusivity, (e) total thermal conductivity and lattice thermal

conductivity, and (f) ZT.
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Figure 4 Temperature-dependent thermoelectric properties of CryPb;_,Teg255€09.75 (x = 0.005, 0.01, 0.015, and 0.02).
(a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) thermal diffusivity, (e) total thermal conductivity and

lattice thermal conductivity, and (f) ZT.

microns. However, it has been proven that in PbTe,_,Se,
alloys most of the thermal conductivity is contributed by
phonons of mean free path less than 10 nm. Therefore, a
grain size of less than 10 nm is needed to achieve a
significant reduction of thermal conductivity by nanostruc-
turing [29]. The lowest thermal conductivity is ~0.9 W
m~"K~" at 573 K. However, there is a small influence on
the room temperature value with Cr doping. It decreased
and then increased when the Cr doping level varied from
1 atm% to 2 atm% showing a minimum value of ~1.2Wm™'
K~ at a doping concentration of 1.5 atm%, which leads to a
record ZT of ~0.6 in lead chalcogenide systems at room
temperature. This ZT value is not too much lower than the
ZT of the well-known state-of-the-art n-type room tem-
perature material Bi,Te; ;Sep.3 [30]. The increase of the
thermal conductivity at elevated temperatures is clearly
due to the minority carriers.

For Cr,Pb;_4Teg 255€0.75, as shown in Figure 4, the Seebeck
coefficient shows a similar trend as the Te-rich (Figure 3)
system with increasing Cr concentration. However, this compo-
sition is less susceptible to bipolar conduction and the bipolar
temperature is higher than that of the Te-rich composition. This
is due to the suppression of minority carriers by the band gap
increase in the Se-rich composition with increasing tempera-
ture consistent with the previous studies [31]. The electrical

conductivity also follows a similar trend as the Te-rich composi-
tion in such a way that it increased when the Cr concentration
increased to a critical value of 1.5 atm% then decreased when
it exceeds this critical level. The lowest room temperature
thermal conductivity is ~1.25 and ~0.8 at about 673K in
Cro.01Pbo.g9Te0 255€0.75, giving rise to a room temperature ZT of
~0.5 and the highest peak ZT of ~1 at approximately 573 K to
673 K.

We then prepared different samples with different Se
concentrations to check the alloying effect. Figure 7 shows
the temperature dependence of (a) the Seebeck coefficient,
(b) the electrical conductivity, (c) the power factor, (d) the
thermal diffusivity, (e) the total thermal conductivity and the
lattice thermal conductivity, and (f) the ZT with a fixed Cr
concentration of 1 atm% and different Se concentrations of y =
0.25, 0.5, 0.75, and 0.85. The electrical conductivity of all the
samples decreased with increasing temperature, consistent
with the attributes of degenerate semiconductors. At fixed
concentration of 1atm% Cr doping, the room-temperature
Seebeck coefficient decreased from —211 VK™ ' to —157
nV K=" with increasing Se concentration. The Seebeck coeffi-
cient of all the samples decreased at higher temperatures
showing a bipolar transport nature and it was found that the
temperature at which the bipolar effect becomes important for
Te-rich samples is lower than that of Se-rich samples. The
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Figure 5 SEM for (a) Cro.025Pbo.g75T€, (b) Te-rich Cro.015Pbo.ggsT€0.755€0.25, (€) Se-rich Cro.01Pbo.99Te0.255€0.75, and (d) Cro.00sPbo.g99s5€. The

scale bar is 10 pm.

Figure 6 Low magnification TEM image (a), and HRTEM image (b) showing grain boundaries, point defects marked by circles, and

thread dislocations marked by 1.

electrical conductivity increased when the Se concentration
increased to 75 atm% and then decreased above this concen-
tration showing a higher value at an optimum Se concentration
of 75 atm%. The high electrical conductivity manifested by the
Se-rich sample Crgg1Pbg.g9T€0 255€0.75 resulted in a higher
power factor across the whole temperature range. This high
electrical conductivity is attributed to the relatively higher
carrier concentration (~8.12 x 10'® cm™3) as evidenced by the
room-temperature Hall measurement. The thermal conductiv-
ity is heavily decreased compared to Cr-doped PbTe and PbSe
samples due to phonon scattering by the point defects resulting

from alloying. We see a minimum thermal conductivity of
~0.8Wm_1 K_1 at 573K in Cr0401pb0_99Teo_556045 with equal
amount of Te and Se. This is approximately a 72% decrease
compared to PbTe for the same Cr doping level of 1 atm%. This
reduction is related to the maximum distortion of the crystal
lattice due to the maximum entropic atomic mass fluctuation
as confirmed by theoretical calculations and experimental
studies [21,29]. The increase in thermal conductivity at higher
temperatures is due to the contribution of heat transport by
minority carriers (holes). The highest ZT is ~ 1 at approximately
573 K to 673 K in Se-rich Cro.o1 Pbo.99T80.25seo.75.
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At a Cr doping concentration of 1.5atm% as shown in
Figure 8, the Seebeck coefficient follows a similar trend as in
1 atm% Cr doping (Figure 7) with increasing Se concentration.
The peak room-temperature Seebeck coefficient of —220 uV
K~' was obtained in Te-rich Crg.g15Pbg ossT€0.755€0 25. The
electrical conductivity increases when the Se concentration is
higher than 50 atm%. The minimum electrical conductivity is
observed at equal amount of Te and Se because of the
reduction in carrier mobility due to the maximum defect den-
sity. As shown in Figure 8, Se-rich samples show higher
electrical conductivity but the power factor is not enhanced
that much due to the lower Seebeck coefficient. A highest
room temperature power factor of ~24 pW cm™ ' K2 is shown
by the Te-rich Crg 915Pbo 985 T€0.755€0.25, Which is due to the high
value of the Seebeck coefficient and carrier mobility as
discussed above. The thermal conductivity is highly reduced
due to the alloying effect. A room-temperature thermal cond-
uctivity of ~1.2Wm~'K~" was obtained for the Te-rich
sample Crg g15Pbg.ogsT€p 755€0.25 and it is a 52% decrease
compared to PbTe for the same 1.5atm% Cr doping level.
Thus, by simultaneously reducing the thermal conductivity and
enhancing the power factor, a peak ZT of ~0.63 is obtained in
Te-rich Crg.015Pbo.985T€0.755€0.25 at room temperature.

The room temperature Pisarenko relation between the
Seebeck coefficient and the Hall carrier concentration of

Cr,Pby_,Teq_,Se, is plotted in Figure 9. All the Hall carrier
concentrations are lower than 1.0 x 10" cm~—2 and the abso-
lute Seebeck coefficients are higher than 150 uV K~ which is
more than twice the room temperature Seebeck coefficients
of other state-of-the-art p and n-type lead chalcogenide
alloy thermoelectric materials Nag 0,Pbg.ggT€q 755€0.25 [11],
Ko.02Pbo.9gT€0.155€0.85 [20], INo.001Pbo.999T€0.75€0.3 [32], and
PbTeg 55€0.5:0.0005 (Pbl,) [33]. The Hall carrier concentration
is lower than that of the Cr-doped PbTe if the Se concentration
is low (v = 0.25 and 0.5, Te-rich samples), and increases to be
higher than that of Cr-doped PbTe with higher Se concentration
(v = 0.75 and 1, Se-rich samples). With increasing Hall carrier
concentration, the Seebeck coefficient decreases. This fits well
with the prediction by the non-parabolic two-band Kane (TBK)
model of PbTe and PbSe where acoustic phonon scattering is
considered as the dominant carrier scattering mechanisms.
From this result the high room temperature Seebeck coefficient
is not clearly due to resonance. How does Cr doping affect the
band structure needs further study.

From our systematic optimization of the thermoelectric
properties of Cr-doped PbTes_,Se, by changing Cr concentra-
tion or Te:Se ratio, we have identified the best compositions as:
Cro.015Pbo.gg5T€0.755€0.25 and Crg 01Pbg g9Teg 255€0.75. Table 1
summarizes the room-temperature properties of these compo-
sitions together. The density of both samples is close to their
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Figure 8 Temperature-dependent thermoelectric properties of Crg g15Pbo.99Tes_,Se, (v = 0.25, 0.5, 0.75, and 0.85) with fixed Cr
concentration of 1.5 atm%. (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) thermal diffusivity, (e) total

thermal conductivity and lattice thermal conductivity, and (f) ZT.

theoretical density and their carrier concentrations are less
than 10" cm~3.

Figure 10 summarizes the effect of Te substitutions by Se on
the (a) room-temperature and (b) peak ZTs at fixed Cr doping
levels of 1atm% (black squares) and 1.5 atm% (red circles).
As can be seen from the figure, the room-temperature ZT
increased when the Se concentration increased up to a certain
optimum alloying limit and then decreased when it exceeded
this limit. High room-temperature ZTs of ~0.63 and ~0.55
were obtained by substitution of 25 atm% and 75 atm% Te by Se
at Cr doping levels of 1.5atm% and 1 atm%, respectively. As
shown in Figures 7 and 8 at fixed Cr concentrations the best
peak ZTs are in Se-rich samples. A maximum peak ZT of ~1 is
obtained in Crg91Pbg.g9T€0 255€0.75. The peak ZTs of all the
samples are greater than ~0.7 indicating that Cr doping on
PbTe alloyed with PbSe brings the best room-temperature
thermoelectric properties without or with minimal reduction
of the peak ZTs so that the average ZT is improved over the
whole temperature range that makes the materials promising
for power generation. To show clearly this improvement by Cr
doping in PbTe;_,Se,, we also plotted the (a) room tempera-
ture power factor, (b) room temperature ZT, and (c) average ZT
of Cro.01Pbo.g9T€0.255€0.75 and Crp 015Pbo.ggsT€0.755€0.25 as a
function of carrier concentration compared with the reported
optimized p-type and n-type doped PbTe,_,Se, in Figure 11.
Similar with n-type doped PbSe, [26] both the room

temperature power factor and ZT value decreased steeply with
the increasing of the room temperature Hall carrier concentra-
tion. Although with almost the same carrier concentration, Cr-
doped PbTe;_,Se, has much higher room temperature power
factor and ZT value than I-doped PbTe;_,Se,. However, the
average ZT is independent on the room temperature carrier
concentration. Although with low peak ZT ~ 1.0 at about 573-
673 K, the average ZT of Cr-doped PbTe;_,Se, is as high as
those of p-type Nag ¢,Pbg.9gTe€0.755€0 25 (peak ZT ~ 1.8 at about
850K) [11] and n-type PbTeq sSeq5:0.0005 (Pbl;) [33] (peak
ZT~1.5 at about 625K), and higher than those of p-type
Ko.02Pbo.ogTe0.155€0.85 (peak ZT ~1.7 at about 873 K) [20] and
n-type Ingp.001Pbo.999Te0.75€0.3 [32]. The efficiency of thermal to
electrical conversion of these selected compositions is discussed
in the next section.

The efficiency of a thermoelectric power generator
depends on the Carnot efficiency and the thermoelectric
figure-of-merit of the devices, which is intrinsic to the
materials making up the device. This relation is expressed
as follows [34]:

CTh-Te 1427 1 )
T \Virzmre oty

where T}, is the hgt-side temperature, T, is the cold-side
temperature, and T is the average temperature between T,
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Figure 9 Room-temperature Pisarenko plots of CrPb;_y
Te,_,Sey, (®) Cr,Pbi_,Te (x = 0.01, 0.015, 0.025, and 0.03),
(.) Crbe1 ,xTe 0_75560.25 (X = 0.01 and 0.01 5), (A)
CryPb;_,Teg 555 (x = 0.01 and 0.015), (@) CryPb;_Tep 255€0.75
(x = 0.01 and 0.015), (m) Cr.Pbs_,Se (x = 0.0025, 0.005, 0.0075,
0.01, and 0.02). The purple solid curve is based on a nonparabolic
two-band Kane model (TBK) with the electron effective mass of
PbTe m* = 0.4 m,; the red dashed curve is based on a nonparabolic
two-band Kane model (TBK) with the electron effective mass of
PbSe m* = 0.5 m..

and T,. The temperature-dependent properties of the legs
are incorporated in the ZT term in Eq. (1) and replaced by
the average ZT over the whole temperature range when
calculating the efficiency. One proposed method of improv-
ing the efficiency of thermoelectric generators is designing
a segmented device where each segment has a high ZT for
the temperature anticipated in the segment [35,36]. How-
ever, this technique has its own drawbacks in effectiveness
since it suffers from the added complexity of bonding, mass
diffusion, and thermal expansion mismatch at the inter-
faces. Hence, it is important to find a single material with
better thermoelectric properties to use over the whole
temperature range of operation. Here we propose Crg o1s
Pbo.gg5T€0.755€0.25 and Cro.01Pbo.g9T€0 255€0.75 as potential
candidates for a single leg device application to operate
from 300K to 873 K. The leg efficiency can be calculated
more accurately by either Snyder or Ursell [37] or Mahan's
[35] discretization methods. In this work we used Mahan's
method where one dimensional heat flow is assumed in the
legs and no heat is lost from the sidewalls. The discretized
equations in the leg are given by:

dT _ JST-Q

dx k @
aQ 5 dT
dv dTr
ax PJ—Sa (4)

where J, Q, p, V, S, k and T are the current density, heat
flux density, electrical resistivity, voltage, Seebeck coeffi-
cient, thermal conductivity, and temperature, respectively.
The leg efficiency is calculated from the output power and

Room-temperature properties of best optimized Se-rich Crg o1Pbg.g99T€0.255€0.75 and Te-rich Crg g15Pbg.9g5Te€0.755€0.25 Samples.

Table 1

Density (@cm™3) S (uVK™") 6 (10*Sm~") PF(@Wem™ 'K 2) xk Wm~ 'K~ ") ZT ny (108 cm™3) py (cm?V~-'s7")

Real Comp.

Nominal Comp.

638
1120

0.54 8.12

1.23
1.17

21.70
24

8.29
6.94

—162
—220

Cro.008Pbo.992T€0.215€0.79 7.90

Cro.01Pbo.99Teq 255€0.75

0.63 3.87

Cro.015Pbo.9g5T€0.755€0.25 Cro.014Pbo.9gsT€0.775€0.23 8
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(a) Room temperature power factor, (b) room temperature ZT, and (c) average ZT of Crg o1Pbg.99T€0.255€0.75 and

Cro.015Pbo.9g5Teg.755€0.25 as a function of carrier concentration compared with the reported optimized p-type Nag.0;Pbg.9sT€0.755€0.25
[11] and K0_02Pb0.98T60_15SGO.85, [20] and n-type |n0.001pb0.999Teol7seo_3 [32] and Pbseo.sTeoj:0.000S (Pblz) [33].

input heat flux into the leg by:
J(Vc—Vh)
Qn

The set of coupled first order differential Eqs. (2-4) were
iteratively solved with the appropriate temperature bound-
ary conditions at different current densities
until the optimum value of J that maximizes the leg
efficiency is found. We calculated the efficiency of
the best compounds, Crg 015Pbo.gssTe€0.755€0.25 and

®)

Nieg =

Cro.01Pbo.99T€0.255€0.75, as shown in Figure 12 in comparison
with the efficiency of the best optimized Cr-doped PbSe
(Cro.005Pbo.9955€),

Cr-doped PbTe (Cr0.025Pb0_975Te), and |'dOPed PbTe (|0.0012
PbTeg.9988). An efficiency of ~11% and ~ 13% is obtained for
the individual legs of Crovm5Pb0,935T€0,755€0.25 and Cro.m
Pbo.g9Teg 255€0.75, respectively, when the cold side tempera-
ture is set at 300 K and hot side temperature at 873 K.
In spite of having high ZT exceeding 1.4 near 700 K for
lo.o012PbTeg 9988, the efficiency is still lower than that of
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Figure 12 Temperature dependence of the calculated leg

efficiencies of Crg g15Pbo.ogs5T€0.755€0.25 (solid black line),

Cr0.01 Pb0A99TEO.Z5SE().75 (SO['Id red line), Cro,005Pb0.995Se [26] (dashed

blue line), Cry.025Pbg.975Te (dashed green line), and Iy g012PbTeg 9988
[42] (dashed pink line) with a cold side temperature at 300 K.

Cro.01Pbo.99Te0.255€0.75, especially below 700 K. This result is
also comparable with the efficiency of other thermoelectric
materials with cold side temperature 300 K and hot side
temperature 773 K, for example Bi,Tes-Bi,Se3-Bi,S3 (12.5%)
[38]. PbSe:Al (9.4%) [15,38] half Heuslers (8.4%) [38,39],
filled Skutterrudites (13.1%) [15,40], and PbTe:La (6.7%)
[38,41]. This high single leg efficiency over a wide range of
temperatures comes from the improvement of the room-
temperature ZT and then the enhanced average ZT over the
whole temperature range.

Conclusions

In this systematic study of Cr doping in PbTe;_,Se,, a high
figure of merit of ~0.6 at room temperature was achieved in
Te-rich Crg 015Pbg.985T€0.755€0 25 resulting from the combination
of a higher power factor and a lower thermal conductivity. A
peak ZT of ~1 was obtained in Se-rich Crg o1Pbg.99T€0.255€0.75
at about 573-673 K with a room-temperature ZT of ~0.5. The
calculated thermal to electrical conversion efficiencies of Te-
rich Cro.015Pbo.9gs5 T€0.755€0.25 and Se-rich Crg 01Pbg.99T€0.255€0.75
are ~11% and ~13%, respectively, with hot side temperature
of 873 K and cold side temperature of 300 K and hence could
be potentially useful for medium temperature power genera-
tion applications.
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