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Enhancement of Thermoelectric Performance of n-type
PbSe by Cr Doping with Optimized Carrier Concentration

Qian Zhang,"" Eyob Kebede Chere,"" Kenneth McEnaney,” Mengliang Yao,® Feng Cao," Yizhou
Ni,* Shuo Chen,* Cyril Opeil,” Gang Chen,” and Zhifeng Ren®

ABSTRACT: Ti, V, Cr, Nb, and Mo were found to be effective in increasing the Seebeck
coefficient and power factor of n-type PbSe at temperature below 600 K. We found that the
higher Seebeck coefficients and power factors are due to higher Hall mobility ~1000 cm” V's™
at lower carrier concentration. A larger average Z7 value (relevant for applications) can be
obtained by an optimization of carrier concentration to ~10"-10" cm™. Even though the highest
room temperature power factor ~3.3x10° W m™ K is found in 1 at. % Mo-doped PbSe, the
highest ZT is achieved in Cr-doped PbSe. Combined with the lower thermal conductivity, ZT was
improved to ~0.4 at room temperature and peak Z7s of ~1.0 were observed at ~573 K for
Pbo.9925Cro07s5¢ and ~673 K for PbggosCroposSe. The calculated device efficiency of
Pbo.995Crp00sSe is as high as ~12.5% with cold side 300 K and hot side 873 K, higher than those

of all the n-type PbSe materials reported in literature.
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INTRODUCTION

Lead chalcogenide thermoelectric (TE) materials have been drawing increased attention
for their high maximum dimensionless figures of merit ZT = [Sza/(KL+Ke)]T, where S is the
Seebeck coefficient, o the electrical conductivity, & the lattice thermal conductivity, x. the
electronic thermal conductivity, and T the absolute temperature.l'6 However, high TE device
efficiency (7) depends on the high average ZT of the TE material over the temperature range,
Hmax = [(Ta-To) Tl [(1+ZT ayerage) >~ 1[I+ ZT yyerage) *+Tc/ Ty, where Ty is the temperature
at the hot junction and T¢ the temperature at the cold junction, ' Combining in series different
materials with different peak ZT temperatures may boost the TE device efficiency,lz'16 but
suffers from the added complexity of bonding, interfacial mass diffusion, and thermal expansion
mismatch. It is therefore preferable to use a single material to span the whole temperature range
of operation. In the case of lead chalcogenides, peak ZTs normally appear at around 673-873 K.
® The ZT curve increases steeply from room temperature to the peak Z7T temperature, resulting in

relatively low average ZT, especially for PbSe.'” '8

Through the combination of nanostructures
and complex band structure, an increased average Z7T was obtained in Na-doped p-type
PbTe/Ag,Te (300-750 K)" compared with pure Na-doped PbTe? and La-doped n-type
PbTe/Ange.21 An increase in average ZT was also achieved in Na-doped Pbgo;Mgoo3Te (300-
750 K) due to the stabilization of the optimal carrier concentration.”> In comparison, PbSe is
attractive as it is cheaper, but its average Z7T needs to be further improved. Among all reported n-
and p-type PbSe,* 182326 Al_doped n-type PbSe has the highest average ZT, which may be due
to nanostructures that reduce thermal conductivity and resonant states that improved the Seebeck
coefficient.”® The resonant states could be responsible for the boosted Seebeck coefficient, power
factor and ZT at lower temperatures. It was reported that Cr is effective in increasing the Seebeck
coefficient and power factor of PbTe with, however, no resonant effect from the Cr-formed deep
resonant level, which is 100 meV above the conduction band bottom of PbTe.?”! A similar deep
resonant level was also found in Cr-doped PbSe with energy 124 meV above the conduction
band bottom of PbSe.”> The similar enhanced Seebeck coefficient and power factor, together
with the lower thermal conductivity compared with PbTe-based materials contributed to the

higher efficiency in Cr-doped PbSe. Although the application of any lead-based materials for



thermoelectric devices and systems in different regions of the world is controversial, it still
attracted a great attention due to the higher ZTs that might lead to higher conversion efficiency.
In this paper, we systematically present different doped n-type PbSe (Ti-,**** V-, Cr-,
Nb- and Mo-doped PbSe) with enhanced power factors and ZTs (below 600 K), especially for
Cr-doped PbSe, which also has a peak ZT > 1, promising to have a potential device efficiency
~12.5% for a cold side of 300 K and a hot side 873 K for Pbg 995sCr¢ 05Se, higher than those of all

other reported n-type PbSe thermoelectric materials. 4 17. 18,2326

EXPERIMENTAL SECTION

We prepared n-type PbSe with different doping elements Pb;_,A.Se (A: Ti, V, Cr, Nb, and
Mo, x < 0.02) by melting, hand milling, and hot pressing. The raw materials with nominal
compositions were sealed in the carbon coated quartz tube and slowly (200 °C/h) raised to 1100
°C and kept for 6 h, then slowly (200 °C/h) cooled to 650 °C and stayed at that temperature for
50 h, finally slowly (200 °C/h) cooled to room temperature. The obtained ingots were cleaned
and hand milled in a glove box. The powder was loaded into the half-inch die and hot pressed by

direct current (dc-HP) press at 600 °C for 2 min under pressure of 80 MPa. 418

X-ray diffraction
spectra analysis was conducted on a PANalytical multipurpose diffractometer with an
X’celerator detector (PANalytical X’Pert Pro). The microstructures were investigated by a
scanning electron microscope (SEM, JEOL 6330F) 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 TEM. The electrical resistivity (p) and Seebeck
coefficient (S) were simultaneously measured on a commercial system (ULVAC ZEM-3). The
thermal conductivity x was calculated using x = DaC,, where D is volumetric density
determined by the Archimedes method, « the thermal diffusivity obtained on a laser flash
apparatus (Netzsch LFA 457), and C, the specific heat measured on a differential scanning
calorimetry thermal analyzer (Netzsch DSC 404 C). The Hall Coefficient Ry at room
temperature was measured using a PPMS (Quantum Design Physical Properties Measurement
System). The Hall carrier concentration nyg and Hall mobility uy were calculated using ng =
1/(eRu) and un = oRy, respectively. The uncertainty for the electrical conductivity is 3%, the
Seebeck coefficient 5%, the thermal conductivity 7% (comprising uncertainties of 4% for the

thermal diffusivity, 5% for the specific heat, and 3% for the density), so the combined



uncertainty for the power factor is 10% and that for ZT value is 12%. Error bars were not used in

the figures to increase the readability of the curves.

RESULTS AND DISCUSSION

Single phase Pb;,Cr,Se was obtained with different Cr doping concentrations (x =
0.0025, 0.005, 0.0075, and 0.01), which is indexed to the face-centered structure (space group
Fm3m) and shown in figure 1. Due to the difference between the ionic radius of Pb** (1.20 A)
and Cr’* (0.52 A), the lattice parameter decreased with increasing x (see Table 1). Even though
secondary phases Crsss5Tes and Cr,Tes were observed when PbTe was doped with more than 0.4

at. % Cr,” no impurity formed in Cr-doped PbSe even up to 1 at. %.
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Fig. 1 XRD patterns for Pb;,Cr,Se (x = 0.0025, 0.005, 0.0075, and 0.01).

Tab 1. The lattice parameters and the densities of Pb,_,Cr,Se (x = 0.0025, 0.005, 0.0075, and 0.01).

Nominal composition Pby 9975Cro.0025Se Pby 995Cro.0055€ Pby 9925Cro 0075Se Pby 99Cro1Se
Lattice parameter (A) 6.126 6.122 6.118 6.112
Density (g cm™) 8.1 8.05 7.98 8




Normally, lead chalcogenides are favorable for hot side temperatures at 673-873 K. (Bi;.
Sby)a(Tey,Sey)s is usually considered over the temperature range from 300 to 473 K. Therefore,
a combination of (Bi;..Sb,)2(Te;.,Se,); with mid to high temperature TE materials will yield a
higher device efficiency across a large temperature range. However, we found also good TE
properties in PbSe based materials from 300 to 473 K when Cr was doped into PbSe to enable
higher average ZT across a large temperature range (300-873 K). Figure 2 (a-f) presents the
temperature dependence of electrical conductivity, Seebeck coefficient, power factor, thermal
diffusivity, specific heat, total thermal conductivity and lattice thermal conductivity for Pb,.
£LrSe (x = 0.0025, 0.005, 0.0075, and 0.01) compared with reported data on n-type
Bi,Te,7Seps.>% All the samples show metallic transport behavior. The electrical conductivity is
higher than Bi,Te,7Se 3, and the Seebeck coefficient is comparable with Bi,Te;7Se( 3 below 473
K. The room temperature power factor reaches ~ 3.0x10° W m™ K7, higher than all the reported
doped PbSe and even Bi,Te,;Seq . 417,18, 23-26.36 pyen though a high room temperature power
factor of ~ 3.849x10° W m™ K was reported in the 1.45 at. % Cr-doped PbTe sample,” the
overall ZT is not favorable due to the high thermal conductivity. PbSe has been shown to have
lower lattice thermal conductivity than PbTe, which has been attributed to the higher degree of
anhamonicity of lattice vibrations in PbSe.'” The lattice thermal conductivity of Cr-doped PbSe
was calculated by subtracting the charge carrier thermal conductivity from total thermal
conductivity (AL = Kioal-Ke = Kioa-L 0T, where L is the Lorenz number calculated using a two-
band model'®) and given in figure 2 (f). It is even lower than In doped PbSe below 700 K." In
figure 3, we show the representative SEM (a), low magnification TEM (b) and HRTEM (c), (d)
images for Pbg 99sCrpo0sSe. The sample consists of both big grains with several to several tens of
micrometers (Fig. 3 (a)) and small grains with several tens to hundreds of nanometers (Fig. 3 (b))
and dislocations both on grain boundaries (Fig. 3 (c)) and within the grains (Fig. 3 (d)), which is
in agreement with the observation in the similar system.37’ 3% All these are supposed to contribute
to the effective phonon scattering for the lower lattice thermal conductivity. Combined with this
relatively lower thermal conductivity, the room temperature Z7 reaches ~0.4 (shown in figure 4),
much higher than the previous In-doped n-type PbSe'?, although it is still lower than the room
temperature ZT of BizTez,7Seo,3.36 The ZT values continuously increase and reach ~1.0 at ~573 K
for Pbg.9925Crp00755€ and ~673 K for Pbg99sCrpnosSe and stay above 0.9 from 573 K to 873 K,

which strongly increases the average ZT of the PbSe based materials, as will be discussed later.
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Fig. 2 Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c) power
factor, (d) thermal diffusivity, (e) specific heat and (f) total thermal conductivity and lattice
thermal conductivity for Pb;Cr,Se (x = 0.0025, 0.005, 0.0075, and 0.01) in comparison with

reported data on n-type Bi,Te;7Sep3 by Yan et al > (small solid circles).



200 nm

Fig. 3 Representative SEM image (a) of Pbgg9sCrgoosSe. Low magnification TEM image (b),
HRTEM images (c) showing a grain boundary, and (d) an individual grain, inset: the
corresponding diffraction pattern along [011] direction, showing a single crystal. Some thread

dislocations are marked by L, and point defects by dotted circles in (¢) and (d).
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Fig. 4 Temperature dependence of ZT for Pb, Cr,Se (x = 0.0025, 0.005, 0.0075, and 0.01) in
comparison with reported data on Bi,Te,7Sep3 by Yan et al.’® (small solid circles) and our

previous data on In-doped PbSe'® (black line).

Following the method outlined above for Cr-doped PbSe, we also doped other transition
metals close to Cr (in the periodic table of elements) into PbSe. The temperature dependence of
the electrical conductivity, Seebeck coefficient, power factor, thermal diffusivity, specific heat,
total thermal conductivity, and lattice thermal conductivity for optimized Pb;,A,Se (A: Ti, V,
Cr, Nb, and Mo) (x = 0.005 or 0.01) in comparison with reported data on In-doped PbSe'® (solid
line) are shown in figure 5. The samples still show the typical behavior of degenerate
semiconductors. It is interesting that the TE properties of all the transition metal-doped PbSe
show a consistent trend, but different from the previous two categories doping (like Ga-, In-, and
Br-, Cl-doped PbSe'® ** ). The electrical conductivity of the transition metal-doped PbSe is
lower and the Seebeck coefficient is good across the whole temperature range (300-873 K). The
power factor decreased with increasing temperature. The highest room temperature power factor
is ~3.3x10° W m™ K for 1 at. % Mo-doped PbSe. According to the microstructures of all the
transition metal-doped PbSe in figure 3 and figure S1. The higher lattice thermal conductivity of
V-doped PbSe is due to the absence of small size grains (see figure S1b). However, because of
the lower electronic contribution to thermal conductivity, the total thermal conductivity of all the
transition metal-doped PbSe is lower than that of In-doped PbSe."® With a lower thermal
conductivity and a higher power factor at lower temperatures, the Z7T values of all the studied
samples are higher than In-doped PbSe'® below 600 K (shown in figure 6). The highest room
temperature ZT is ~0.5 for 1 at. % Mo-doped PbSe and the highest peak ZT is ~1.0 for 0.5 at. %
Cr-doped PbSe at about 673 K.
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Fig. 5 Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c) power
factor, (d) thermal diffusivity, (e) specific heat, and (f) total thermal conductivity and lattice
thermal conductivity for optimized Pb;_,A,Se (A: Ti, V, Cr, Nb, and Mo) (x = 0.005 or 0.01) in

comparison with previously reported data on Pb;_In,Se (x = 0.005)18 (solid line).
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Fig. 6 Temperature dependence of ZT for Pb;,A,Se (A: Ti, V, Cr, Nb, and Mo) (x = 0.005 or
0.01) in comparison with reported data on Pb;_In,Se (x = 0.005)18 (solid line).

What is the reason for these attractive room temperature power factors? In figure 7, we
summarize the room temperature Pisarenko relations for Pb; \A,Se (A: Ti, V, Nb, and Mo) (x =
0.005 or 0.01) and Pb;_,Cr,Se (x = 0.0025, 0.005, 0.0075, and 0.01) (open squares) in this work
in comparison with all the reported n-type PbSe.'® 242 Considering the nonparabolicity of the
conduction band of PbSe, a two-band Kane (TBK) model was used to fit the data. The Cl- and
Br-doped PbSe are fitted well with an effective mass of m* = 0.27 m. (dashed line)24’ 25 and B-,
Ga- and In-doped PbSe with m* = 0.5 m. (solid line)'®. Due to the resonant scattering, Al-doped
PbSe deviates from the fitting line, showing almost constant Seebeck coefficient with increasing
carrier concentration.?® Similar with B-, Ga- and In-doped PbSe, all the transition metal Ti-, V-,
Cr-, Nb-, and Mo-doped PbSe fell onto the fitting line with effective mass m* = 0.5 m.. In spite
of the formed deep resonant level in Cr-doped PbSe,*” there is no effect of resonant scattering at
all, nor is there in any of the other (Ti, V, Nb and Mo) transition metal-doped PbSe materials.
Also the room temperature relationships between u and n for the optimal transition metal-doped
PbSe, together with all the reported n-type PbSe are shown in figure 8. 18, 24-26 Only Al-doped

PbSe deviates largely due to resonant scattering.”

Actually the present higher Seebeck
coefficient is mostly attributed to the lower carrier concentration, which is in the range of (4-

10)x10"™ cm™. To compare our data, we included most of the room temperature properties for

10



optimally n-type doped PbSe by Ti, V, Cr, Nb, and Mo; B, Al, Ga, and In; Cl and Br in table 2.
The higher room temperature Z7 is mainly related to the higher room temperature power factor
(PF = $’nuq). Both Seebeck coefficient (S) and Hall mobility (z) are inversely proportional to
Hall carrier concentration (n) (see figure 7 and figure 8). With relatively low n, the transition
metal-doped PbSe has both higher S and g, contributing to the higher power factor at room
temperature (also see figure S2 (a)). We usually optimize the Hall carrier concentration to ~10"-
10 cm™ for high peak ZT. However, it seems that the optimal Hall carrier concentration is
~10"-10" cm™ for good ZT at room temperature, so it is possible to get the ideal average ZT by
balancing the Hall carrier concentration. Certainly, the carrier concentration in not the only
parameter (see figure S2 (b)), we must also consider the other parameters, such as Hall mobility,
effective mass, lattice thermal conductivity, efc., which all together determines the higher

average ZT in Cr-doped PbSe.
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Fig. 7 Room temperature Pisarenko plots for Pb;,A.Se (A: Ti, V, Nb, and Mo) (x = 0.005 or
0.01) and Pb,.,Cr,Se (x = 0.0025, 0.005, 0.0075, and 0.01) (open squares) in comparison with
reported data on B-doped PbSe (open circles), Al-doped PbSe (solid circles), Ga-doped PbSe
(half open circles), In-doped PbSe (plus in circles) and undoped PbSe (open stars) in our
previous work,'® % and Cl-doped PbSe by Androulakis et al. (open triangles) * and Br-doped

PbSe by Wang et al. (solid triangles).” Black curve is based on nonparabolic two-band Kane
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model (TBK) with the electron effective mass of PbSe m* = 0.5 m..'® Dashed curve is based on

nonparabolic TBK with the electron effective mass of PbSe m* = 0.27 m..”
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squares), PbggosNbgoosSe (plus in squares), and Pbyg9Mogo;Se (minus in squares) in comparison

with reported data on PbSe doped with group III elements: PbggsBoo2Se (open circles),

Pbo.g9Alpp1Se (solid circles), PbgoosGagoosSe (half open circles), and PbggoslnggosSe (plus in

circles) [18, 26], and PbSe doped with group VII elements: PbSe996Clo 004 (Open triangles) [24],

and Pbj 002Se0.9982B10.0018 (solid triangles) [25]. The data of Al-doped PbSe (solid circle) deviates

largely due to the resonant scattering.

Tab. 2 Comparison of room temperature properties for optimally doped n-type PbSe by Ti, V,

Cr, Nb, and Mo: B'8, AI*®, Ga'8, and In'%; C1** and Br>.

Comp. Density o S PF ny U Kiotal K, 7T
(gem®  (10*Sm") @VKH 10*Wm'K? 10”em?)  (em’V's) Wm'K') Wm'K"h

Pbo.0sTio 005S€ 8.14 6.13 211 2.73 0.46 962 2.077 1.85 0.41
PbooyVooiSe 8.20 103 -173 3.07 0.85 904 2.078 237 0.35
Pbo.00sCro00sSe 8.05 12.9 -154 3.04 0.88 1006 2.247 1.74 0.42
Pb.09sNbg gosSe 8.20 8.84 -188 3.14 0.54 968 2.239 1.91 0.42
Pbo.syMog 1Se 8.10 9.05 -191 3.29 0.51 1000 2.025 1.69 0.49
Pb.osBo.nSe 7.87 8.72 -167 242 0.68 827 2.119 1.79 0.34

12



Pby.g9Alp1Se 7.90 12.9 -117 1.17 1.94 416 2.280 1.34 0.23

Pbg.99sGag gosSe 7.94 38.5 -51 1 6.22 465 3.759 1.69 0.08
PbSe.996Clo.004 8.02 ~23 ~-105 ~2.53 1.5 ~1000 ~2.67 ~1.9 ~0.27
Pbl_gozseo_ggngro_Uolg >8.1 ~48.6 -52 ~1.31 3 ~828 ~3.38 ~1.28 ~0.11

The discretization method of Mahan was used to estimate the device efficiency of the legs
made by some of the n-type PbSe (solid lines) and n-type Bi,Te,;Seps (dashed line) with the
cold side temperature at 300 K.>** We assumed the heat flow in the leg to be one-dimensional,

neglecting losses from the side walls of the leg."

dT _ JST-Q

o ey
@ _ ar
o= PITtIS 2)
av ar
=P S 3)

Where J, O, p, V, S, k, and T are the current density, heat flux density, electrical resistivity,
voltage, Seebeck coefficient, thermal conductivity and temperature, respectively. The leg

efficiency is calculated from the output power and input heat flux into the leg by:

V-V
Mg = 10270 4)

The results are shown in figure 9. Cr-doped PbSe has the highest efficiency for a wide range of
hot-side temperatures (350-873 K), even though higher peak ZTs are achieved in other n-type
PbSe materials (1.3 at 850 K for Al doped PbSe,”® 1.2 at 850 K for Br-doped PbSe,” and 1.2 at
873 K for Ga-, In-doped PbSe'® compared to only 1.0 at 673 K for Cr-doped PbSe). At the lower
temperature range, when the hot side temperature is between 350 K and 523 K, the device
efficiency of Cr-doped PbSe is only slightly lower than that of the temperature-limited n-type
Bi,Te,Seqs.’¢ At high hot-side temperatures, the efficiency of Cr-doped PbSe is only rivaled by
Al-doped PbSe, a material which has much lower efficiency at lower hot-side temperatures.
These results emphasize the benefits of a flatter ZT curve: not only is the efficiency higher at

high temperatures, but also the efficiency is higher at a wide range of hot-side temperatures.
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Fig. 9 Temperature dependence of device efficiency for 0.5 at. % Cr doped PbSe (this work, red)

in comparison with the optimized B-doped PbSe (green),'® Al-doped PbSe (pink),”® Ga- doped

PbSe (blue),"® In-doped PbSe (light blue),"® Br-doped PbSe (purple),” and Bi,Te,sSeqs (dashed

orange)3 ® with cold side temperature 300 K.

Instead of the comparison of the peak ZTs, we present average ZTs (integrating of the
area below the ZT curves) from 300 to 873 K (Fig. 10a, left panel) and device ZTs (obtained
from the theoretically calculated power efficiency) operated between 300 K and 873 K (Fig. 10b,
left panel) for some of the n-type PbSe materials. We also present the average ZTs between 300
K and 523 K (Fig. 10a, right panel) and device ZTs operated between 300 K and 523 K (Fig.
10b, right panel) for some n-type PbSe materials compared with n-type Bi,Te;7Seq 3. Cr-doped
PbSe has both a preferred average Z7T and a device ZT compared to the other n-type PbSe,
especially when working between 300 K and 523 K, but not as good as Bi, T 7S¢ 3. Furthermore,
the device ZT of Cr-doped PbSe (between 300 K and 873 K) is even higher than that of the
reported n-type PbTe:La/Ag,Te (between 300 K and 775 K) which has a peak ZT of ~1.6 at 775
K. Many of the best p-type PbTe materials, such as PbTe:Na (between 300 K and 750 K) with
peak ZT ~1.4 at about 750 K,? PbTe:TI (between 300 K and 775 K) with peak ZT ~1.4 at about
775 K,' PbTe:Na/SrTe (between 300 K and 775 K) with peak ZT ~1.5 at about 775 K,* and
PbTep g5Sep.15:Na (between 300 K and 800 K) with peak ZT ~1.8 at about 800 K.? could benefit
from a flatter ZT curve. Considering the cost of Se compared to Te, and the higher device

efficiency and wider working temperature range of PbSe than PbTe, PbSe has the potential to
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replace PbTe for thermoelectric applications. Also the mutiple repeated tests show good thermal

stability of this material (Figure S3 and S4), which enables the potential applications. More work

is expected in increasing the device efficiency of p-type PbSe.

1.0
Pb, Cr Se . (a)
0.8 xx | Bi,Te,.Se ,
Pbo.aascro.oosse
o 0.6 In-PbSe
: I
N
0.4 -
0.2 In-PbSe
0.0 -
1.2
& (b)
1.0 - 3 § "’Z
g @ e,
084 & i E

|B-PbSe

| Cr-PbSe
| Al-PbSe
In-PbSe

| Br-PbSe

C

Fig. 10 (a) Comparison of average ZT from 300 K to 873 K between Pb, ,Cr,Se (x = 0.0025,
0.005, 0.0075, and 0.01) (this work, red) and optimized In-doped PbSe (light blue) (left panel)lg.
Comparison of average ZT from 300 K to 523 K for Bi,Te,7Seo 3 (0range)36, 0.5 at. % Cr doped
PbSe (this work, red) and optimized In-doped PbSe (light blue) (right panel)ls. (b) Comparison
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of device ZT operated between 300 K and 873 K for 0.5 at. % Cr-doped PbSe (this work, red)
and optimized B- (green),'® Al- (pink),”® Ga- (blue),'® In- (light blue)'®, and Br- (purple)® doped
PbSe (left panel). Comparison of device ZT operated between 300 K and 523 K for Bi,Te, 7S¢
(orange),36 0.5 at. % Cr-doped PbSe (this work, red) and optimized Al- (pink),26 In-doped PbSe
(light blue)'® (right panel).

CONCLUSIONS

Transition metals (Ti, V, Cr, Nb, and Mo) can enhance the lower temperature (below 600 K) TE
properties of n-type PbSe. Specifically, Cr doping in PbSe increases the room temperature Z7 to
~0.4 and the peak ZT to ~1.0 between 573 K and 673 K, hence increasing the average ZT and
efficiency of n-type PbSe over a wide temperature range (300 K to 873 K). This boost is not
attributed to a resonant states effect. The optimal Hall carrier concentration is ~10"-10" cm™ for
good average ZT in Cr-doped PbSe. By further tuning the carrier concentration, even better
properties can be expected. Cr-doped n-type PbSe is believed to be promising for power

generation applications.
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