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ABSTRACT:  
We show an example of hierarchically designing electronic bands of PbSe toward excellent 
thermoelectric performance. We find that alloying 15 mol % PbTe into PbSe causes a negligible 
change in the light and heavy valence band energy offsets (ΔEV) of PbSe around room 
temperature; however, with rising temperature it makes ΔEV decrease at a significantly higher 
rate than in PbSe. In other words, the temperature-induced valence band convergence of PbSe 
is accelerated by alloying with PbTe. On this basis, applying 3 mol % Cd substitution on the Pb 
sites of PbSe0.85Te0.15 decreases ΔEV and enhances the Seebeck coefficient at all 
temperatures. Excess Cd precipitates out as CdSe1−yTey, whose valence band aligns with that 
of the p-type Na-doped PbSe0.85Te0.15 matrix. This enables facile charge transport across the 
matrix/precipitate interfaces and retains the high carrier mobilities. Meanwhile, compared to 
PbSe the lattice thermal conductivity of PbSe0.85Te0.15 is significantly decreased to its 
amorphous limit of 0.5 W m−1 K−1. Consequently, a highest peak ZT of 1.7 at 900 K and a 
record high average ZT of ∼1 (400−900 K) for a PbSe-based system are achieved in the 
composition Pb0.95Na0.02Cd0.03Se0.85Te0.15, which are ∼70% and ∼50% higher than those 
of Pb0.98Na0.02Se control sample, respectively. 
  

1. INTRODUCTION 
Thermoelectric materials that can reversibly and directly convert waste heat to electricity are 
drawing increased attention as a possible means to increase overall energy efficiency.1 

Maximizing thermoelectric conversion efficiency requires the materials to have high figure of 
merit ZT = S2σT/κ = S2σT/(κlat + κcar), where S represents Seebeck coefficient, σ is electrical 
conductivity, T is absolute temperature, and κ is thermal conductivity contributed by both 
lattices (κlat) and carriers (κcar). In reality, both high peak ZT and large average ZT, 
 

 
 



where TC and TH denote the cold and hot side temperatures, respectively, are desired to 
achieve the best device performance.2 
Among the materials suitable for thermoelectric power generation applications, PbTe has been 
the most studied, and new developments including recent advances of nanostructuring3−5 and 
band-structure modification6−8 have shown exceptional ZT values in both n- and p-type 
compositions. In contrast, PbSe, a close analogue of PbTe, is much less studied (despite its 
lower cost and higher melting point) because of its inferior band structure.9,10 For example, 
both PbSe and PbTe feature two valence bands, one primary light valence band (LVB) L and 
another lower-lying heavy valence band (HVB) Σ, which are separated by an energy offset of 
ΔEV (see inset of Figure 2a).11,12 This ΔEV is important because when its value becomes small 
enough (e.g., < ∼0.2 eV) at a given temperature, both bands contribute to the thermoelectric 
transport and a significant enhancement in power factor can be realized. This is the key reason 
for the record high performance achieved in p-type PbTe systems. At 300 K, the value of ΔEV is 
only ∼0.15−0.20 eV for PbTe, and it further decreases with increasing temperature at a rate of 
∼4 × 10−4 eV/K.11,13 As a result, it is possible to achieve effective band convergence (ΔEV is 
reduced to a few kBT, where kB is Boltzmann constant) in PbTe at relatively low temperatures 
(<700 K).6 Even better valence band convergence can be attained in PbTe by chemical alloying 
with certain isovalent elements (e.g., Mn,14 Cd,15 Mg,16 Sr,7 etc.). This happens by lowering the 
energy of the L band but not the Σ band. It also enlarges the band gap. When band convergence 
is also accompanied by the introduction of carriers, it results in multiband transport and 
significantly enhances S without obviously deteriorating σ.6 However, in comparison with PbTe, 
the ΔEV of PbSe is almost twice as large (∼0.3−0.35 eV) at 300 K, and it decreases with 
temperature at a much lower rate of ∼2.2 × 10−4 eV/K (half that of PbTe).11,17 Therefore, it is 
quite challenging to realize the thermoelectric benefit through valence band convergence in 
PbSe until much higher temperatures are reached (>1000 K).9 

Several studies have focused on converging the LVB and HVB of PbSe through chemical 
alloying, with an attempt to enhance the Seebeck coefficient. For instance, Zhao et al. reported 
that Cd substitution for Pb can reduce ΔEV of PbSe.18 However, Cd has <3 mol % solubility 
around room temperature and precipitates out as CdSe second phase whose valence band 
maximum (VBM) has a large energy mismatch with that of PbSe matrix. This limits the degree 
to which the two bands can be converged and also causes high hole carrier scattering at the 
matrix/precipitate interfaces and worsens σ. Later, Wang et al. used a long-period, high-
temperature annealing method to capture ∼8 mol % SrSe dissolvable into PbSe.17 Although ΔEV 
is decreased to a large extent and the peak ZT is enhanced from 1.1 to 1.5 at 900 K, it is still not 
enough to converge the two valence bands of PbSe at sufficiently low temperatures 
comparable to PbTe. There are possibly two reasons: (i) as we mentioned earlier, ΔEV 
decreases too slowly with temperature; (ii) SrSe solubility is not high enough to enable strong 
band convergence. Very recently, Hodges et al. alloyed PbSe with HgSe and observed a similar 
reduction of ΔEV.19 They claimed a peak ZT of 1.7 at a very high temperature of 970 K. 

In this contribution, we hierarchically design the electronic bands of PbSe by alloying 
with 15 mol % PbTe and 3 mol % CdSe to achieve effective valence band convergence at 
temperatures as low as 700 K. PbTe and CdSe alloying play different but synergistic roles in 
reducing ΔEV of PbSe. Specifically, PbTe alloying itself does not directly converge the LVB and 
HVB of PbSe. However, at high temperatures it allows ΔEV to drop much faster because PbTe 



has a stronger temperature dependence of ΔEV than PbSe, as discussed earlier. CdSe alloying, 
on the other hand, further decreases ΔEV at all temperatures by chemically converging the 
valence bands. Therefore, in the PbSe system we have integrated two separate valence band-
modifying effects: (i) faster valence band convergence with rising temperature (by introducing 
some PbTe) and (ii) better valence band convergence than PbSe by alloying with Cd. Excess Cd 
precipitates out as CdSe1−yTey second phase, the VBM of which aligns well with that of 
PbSe0.85Te0.15 matrix in energy, allowing the charge carriers to be less scattered at the 
matrix/precipitate interfaces and maintaining high carrier mobilities. These nanoscale 
precipitates, together with PbTe alloying and Cd substitution (see the schematic crystal 
figuration shown in Figure 1a), produce all-scale hierarchical structuring in PbSe, lowering κlat 
values to its minimum limit. As a result, a peak ZT of 1.7 at 900 K is obtained in the sample 
Pb0.95Na0.02Cd0.03Se0.85Te0.15, which is the highest among all reported values on p-type 
PbSe at the same temperature. More importantly, ZTave, the key parameter in determining the 
device performance from 400 to 900 K, is ∼1, the highest achieved in a PbSe system. This 
research opens new avenues toward high thermoelectric performance in bulk materials and 
enables PbSe to be a competitive candidate for mid-to-high temperature thermoelectric power 
generation applications. 

 
  

 
Figure 1. (a) Schematic crystal configuration of Cd-doped and PbTe-alloyed PbSe. (b) Room-
temperature lattice parameter of Pb0.98Na0.02Se1−yTey as a function of y. Data from earlier 
reports on PbSe−PbTe ternary alloys6,20,21 are also incorporated for comparison. The solid line is 
a guide to the eye. (c) High-resolution TEM image of y = 0.15 sample showing clean matrix. 
Inset: diffraction pattern along (111) direction reveals that the crystal structure matches rock-
salt structure (space group: Fm3m). (d) Lower-magnification TEM image for y = 0.15 sample and 
corresponding energy-dispersive mappings. 
  
 
 



2. RESULTS AND DISCUSSION 
2.1. Accelerating Band Convergence and Lowering Thermal Conductivity of p-type PbSe.  
The powder X-ray diffraction (XRD) patterns of spark plasma sintering (SPS) processed 
Pb0.98Na0.02Se1−yTey (y = 0−0.2) samples can be indexed to the rock-salt structure with no 
second phase being observed within the instrument detection limits (Figure S1). The lattice 
parameters of Pb0.98Na0.02Se1−yTey (y = 0−0.2) together with those of other PbSe−PbTe 
alloys from the literature6,20,21 as a function of y follow a simple Vegard’s law (Figure 1b). In 
addition, the transmission electron microscopy (TEM) images for y = 0 and y = 0.15 samples 
show a clean matrix with no precipitates present (Figures S2 and 1c). Energy-dispersive 
spectroscopy (EDS) mappings suggest that all elements are distributed homogeneously in the y 
= 0.15 sample (Figure 1d). These results suggest that PbSe and PbTe form continuous solid 
solutions within the full composition range, which is consistent with previous studies.6,22 
Figure S3 shows the thermoelectric transport properties of Pb0.98Na0.02Se1−yTey (y = 0−0.2) 
as a function of temperature. σ decreases gradually with increasing y, probably due to the 
negative influence of PbTe alloying on the charge carrier mobility (μ) (Figure S3a). On the other 
hand, the Seebeck coefficient of Pb0.98Na0.02Se is enhanced by introducing Te at Se lattice 
sites, especially at elevated temperatures (T > 500 K) (Figure S3b).  

For materials7,17,23−25 featuring two valence bands (inset of Figure 2a), which tend to 
converge with rising temperature, there is a redistribution of charge carriers between the two 
bands, leading to temperature-dependent Hall coefficient (RH) and a maximum (Figure 2a). RH 
peaks when the two bands contribute equally to charge transport.11,26,27 Therefore, RH peak 
temperature (TH) is an important measure of ΔEV. In other words, the lower TH is, the smaller 
ΔEV would be. We note that y = 0.15 has a lower TH (∼600 K) than y = 0 sample (∼700 K). This 
suggests that PbTe alloying makes band convergence occur earlier in PbSe. 

We further employ the two-band Kane model28,29 to simulate the temperature 
dependence of carrier concentration (p) and S for y = 0 and y = 0.15 samples. A mobility ratio b 
= 4 and a temperature-dependent band gap Eg = 0.17 + (3 × 10−4) T (in K) are considered for 
PbSe.11 Other parameters, including the nonparabolicity parameter β (1.75 for LVB, 0 for HVB) 
and constant density-of-states effective masses md* (0.27 me for LVB and 2.5 me for HVB; me 
is the rest electron mass),30 are also used in this model. With these, the temperature-
dependent ΔEV can be extracted; see Figure 2b. For comparison, we also include ΔEV data of 
PbSe and PbTe measured by diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS);31 see the dotted lines in Figure 2b. It is seen that the ΔEV values of PbSe simulated by 
two-band Kane model and obtained from DRIFTS measurement agree with each other quite 
well over the entire temperature range, validating the reliability of our fittings. Moreover, ΔEV 
decreases faster with heating in PbTe than in PbSe, which is in good agreement with previous 
studies.11,13,17 
 



 
Figure 2. Temperature-dependent (a) Hall coefficients and (b) ΔEV for Pb0.98Na0.02Se, 
Pb0.98Na0.02Se0.85Te0.15, and Pb0.95Na0.02Cd0.03Se0.85Te0.15. The ΔEV data31 (dotted 
lines) on pure PbSe and PbTe determined by DRIFTS are also included for comparison. (c) 
Room-temperature lattice thermal conductivity of Pb0.98Na0.02Se1−yTey as a function of y. 
The dotted lines shown in (a) are guides to the eye. Inset of (a) schematically shows the 
electronic band structure of PbSe: the band gap (Eg) separates the conduction band (CB) from 
the light valence band (LVB); another heavy valence band (HVB), also contributing to transport, 
is lower than LVB in energy by a magnitude of ΔEV. The solid line in (c) is calculated by an 
alloying scattering model.32,33 (d) ZT values as a function of temperature for 
Pb0.98Na0.02Se1−yTey. 

Our simulations also show that the values of ΔEV at 300 K are quite similar for y = 0 and 
y = 0.15 samples, which is reasonable considering the small VBM energy difference of 0.21 eV 
between PbSe and PbTe (see Figure 5b). However, with rising temperature, accelerated by PbTe 
alloying, ΔEV in PbSe0.85Te0.15 decreases much faster than that in the Te-free sample, shifting 
the band convergence to occur earlier in PbSe (Figure 2a). This is also supported by our first-
principles electronic band structure calculations shown in Figure S4, which show very similar 
ΔEV for PbSe (0.28 eV) and Pb27Se25Te2 (0.25 eV) at 0 K. However, this value becomes twice 
larger at 800 K (ΔEV = 0.24 eV for PbSe and 0.18 eV for Pb27Se25Te2). 

The thermal conductivity values are significantly lowered as PbTe is alloyed into PbSe, 
because both κcar and κlat are lowered (Figure S3c and d). The details of calculating κcar and κlat 
can be found in the Supporting Information, and the temperature-dependent thermal 
diffusivities (D), Lorentz numbers (L), and κcar for all samples in this study are plotted in Figure 
S5. The Debye−Callaway model32,33 has been successfully employed to quantitatively predict the 
κlat of lead and tin chalcogenides alloys.24,34 In this model, mass and size contrasts between host 
and guest atoms are considered to cause scattering of phonons in a solid solution. We use this 
model to predict κlat of Pb0.98Na0.02Se1−xTex alloys, with the following input parameters: 
Debye temperature ΘD = 191 K,9 average speed velocity υ = 1960 m/s,9 and lattice inharmonic 



constant ε = 110.34 The simulation results are shown as a solid curve in Figure 2c. We can see 
that the experimental values of κlat in this study agree well with the predicted ones. This again 
confirms the solid solution behavior between PbSe and PbTe and suggests that alloy scattering 
should account for the reduction of κlat in our Pb0.98Na0.02Se1−xTex alloys. Because of the 
great enhancement of S (Figure S3b) and notable reduction of κlat (Figure S3c) in PbSe by 
alloying with PbTe, a peak ZT of 1.3 at ∼900 K is reached for the sample with y = 0.15, which is 
30% improvement over the Te-free sample (Figure 2d). Below we proceed to optimize the 
thermoelectric performance of PbSe0.85Te0.15 by doping 3 mol % Cd at Pb lattice sites and by 
adjusting the Na doping concentration.  

 
2.2. Enhancing Band Convergence in Cd-substituted PbSe0.85Te0.15 Alloys and Band 
Alignment. Powder XRD pattern suggest that SPS-processed Pb0.97−xNaxCd0.03Se0.85Te0.15 
(x = 0.005−0.025) samples show single-phase rock-salt PbSe structure (Figure S6). However, the 
TEM image of x = 0.02 sample unambiguously shows the presence of 30−80 nm precipitates, 
mostly along grain boundaries (Figure 3a). EDS elemental mappings suggest that these 
precipitates are rich in Cd and poor in Pb, while other elements (Na, Se, and Te) are 
homogeneously distributed nearly everywhere (Figure 3b−g). Therefore, it can be concluded 
that at the 3 mol % level Cd does not fully enter into the lattice sites of PbSe and partly 
precipitates as second phase, the chemical composition of which can be approximately 
designated as CdSe1−yTey. This is similar to what was found in Pb0.98Na0.02Se-3%CdSe where 
CdSe nanoscale precipitates are present.18 The temperature-dependent thermoelectric 
transport properties of Pb0.97−xNaxCd0.03Se0.85Te0.15 (x = 0.005−0.025) are shown in Figure 
4. σ first increases with increasing x, reaches the highest value at x = 0.02, and then decreases 
(Figure 4a). Figure 5a plots the room-temperature mobility μ as a function of p for p-type Na-
doped PbSe, Pb0.97Cd0.03Se, and Pb0.97Cd0.03Se0.85Te0.15. For all samples, log μ linearly 
decreases with increasing log p. It is reasonable that the hole mobilities will be lower in 
Pb0.97Cd0.03Se than in pure PbSe because of poor band alignment of CdSe precipitates, as 
discussed in our previous report.18 Surprisingly, when 15% of Se atoms are replaced by Te 
atoms resulting in a composition of Pb0.97Cd0.03Se0.85Te0.15, we find that the holes have 
larger mobility than in Pb0.97Cd0.03Se. For example, at p = ∼3 × 1020 cm−3, the hole 
mobilities of Pb0.97Cd0.03Se0.85Te0.15 and Pb0.97Cd0.03Se are ∼32 and ∼21 cm2 V−1 s−1, 
respectively. 
 
 
 
 



 
Figure 3. (a) TEM image of the sample Pb0.95Na0.02Cd0.03Se0.85Te0.15. (b) Zoomed-in view 
of (a) and the corresponding elemental distribution mappings: (c) Cd, (d) Se, (e) Na, (f) Te, and 
(g) Pb. 
  
 

 
Figure 4. Thermoelectric transport properties of Pb0.97−xNaxCd0.03Se0.85Te0.15 (x = 
0.005−0.025) as a function of temperature: (a) electrical conductivity, (b) Seebeck coefficient, 
(c) (lattice) thermal conductivity, and (d) ZT values. Inset of (d) is a comparison of temperature-
dependent κlat between 2 mol % Na-doped PbSe0.85Te0.15 and Pb0.97Cd0.03Se0.85Te0.15. 
 
 
To better understand the high mobility in Pb0.97Cd0.03Se0.85Te0.15, we experimentally 
determined the VBM energies of Pb0.98Na0.02Se, Pb0.98Na0.02Te, and 



Pb0.98Na0.02Se0.85Te0.15 by photoemission yield spectroscopy measurements (Table S1). In 
combination with the experimental data reported for CdSe and CdTe,35 we are able to plot the 
VBM energy diagram of these compounds in Figure 5b. It is seen that the VBM of CdSe lies 
∼0.32 eV below that of PbSe, which agrees with an earlier study18 and indicates a nonoptimal 
valence band alignment. This value is large enough to impede charge flow across the PbSe/CdSe 
interfaces (Figure 5c). As we alloy PbSe matrix with PbTe, we can see that the VBM energy of 
PbSe0.85Te0.15 is slightly elevated by only 0.06 eV in comparison to PbSe (the VBM of PbTe is 
∼0.21 eV higher than that of PbSe). However, because the VBM of CdTe is ∼0.49 eV above that 
of CdSe,35 CdSe1−yTey has a much higher VBM energy than CdSe based on the solid solution 
principle. As a result, the valence band energy offsets between PbSe0.85Te0.15 and 
CdSe1−yTey are significantly reduced compared to the case between PbSe and CdSe, resulting 
in a good band alignment. As a result, high μ is maintained in this system (Figure 5d). This is 
quite similar to what has been demonstrated in the PbTe−SrTe system.4,5 

 

 
Figure 5. (a) Room-temperature carrier mobilities μ as a function of carrier concentration p for 
p-type doped PbSe, Pb0.97Cd0.03Se, and Pb0.97Cd0.03Se0.85Te0.15. (b) VBM energy diagram 
of Pb0.98Na0.02Te and Pb0.98Na0.02Se0.85Te0.15 relative to that of PbSe measured by 
photoemission yield spectroscopy. The data of CdSe and CdTe obtained using the same 
method35 are also included for comparison. Schematic phase mappings in the samples (c) 
Pb0.97Cd0.03Se and (d) Pb0.97Cd0.03Se0.85Te0.15. In (c), the VBM energy between the matrix 
(PbSe) and the precipitate is large (∼0.32 eV), resulting in strong scattering of charge carriers at 
the matrix/precipitate interfaces. In (d), VBM energy difference is significantly reduced 
between the matrix (PbSe0.85Te0.15) and the precipitate (CdSe1−yTey) by incorporating Te, so 
that charge carriers are less scattered at these interfaces. 
  



Despite the much improved σ by increasing Na concentration, the S and κ of 
Pb0.97−xNaxCd0.03Se0.85Te0.15 (x = 0.005−0.025) are only moderately decreased and 
increased, respectively, in this process (Figure 4b and c). It has been demonstrated that Cd 
substituting Pb in PbSe converges the LVB and HVB by enlarging the band gap.18 Indeed, our 
infrared spectroscopy measurements (Figure 5a) suggest that, while 15% PbTe alloying hardly 
changes the optical band gap of PbSe, the introduction of 3 mol % of Cd replacing Pb leads to 
∼40% increase of Eg (from ∼0.23 to ∼0.32 eV) at room temperature. 
 We calculated ΔEV as a function of temperature for Pb0.97−xNaxCd0.03Se0.85Te0.15 
by fitting the temperature-dependent values of S and RH (high-temperature RH is shown in 
Figure 2a) as described earlier (Figure 2b). We can see that ΔEV of 
Pb0.95Na0.02Cd0.03Se0.85Te0.15 is reduced at all temperatures in comparison with that of 
Pb0.98Na0.02Se0.85Te0.15, and the two samples have almost the same temperature 
dependence of ΔEV. This further demonstrates the valence band convergence effect in PbSe by 
Cd substitution and also suggests that valence band convergence acceleration effect by PbTe 
alloying still works well even if Cd is incorporated. Because of the synergistic effects of PbTe 
alloying and Cd substitution on the electronic bands, ΔE V of 
Pb0.95Na0.02Cd0.03Se0.85Te0.15 is reduced to as low as ∼0.1 eV at 700 K, within 2kBT of one 
another at this temperature. This demonstrates that the new modified electronic structure 
enables the valence band convergence in PbSe to occur at sufficiently low temperatures. For 
comparison, the valence band convergence temperature in pure PbSe is believed to occur fully 
at 1000 K, according to results based on optical absorption spectra.31 Another important proof 
of improved band degeneracy in Pb1−xCdxSe1−yTey is that its Hall peak temperature (∼550 K) 
is significantly lower than that of PbSe (∼700 K); see Figure 2a. 

The temperature-dependent Seebeck coefficients of Nadoped PbSe, PbSe0.85Te0.15, 
and Pb0.97Cd0.03Se0.85Te0.15 are compared at the same p of ∼2 × 1020 cm−3 (Figure 6b). It 
can be seen that PbSe and PbSe0.85Te0.15 have very similar values of S around room 
temperature, consistent with the similar ΔEV. However, the S of PbSe0.85Te0.15 increases more 
rapidly with temperature and is significantly higher at elevated temperatures than that of PbSe. 
This difference in temperature dependence of S between the two samples is in good agreement 
with our band convergence acceleration model in PbTe-alloyed PbSe. On the other hand, 
Pb0.97Cd0.03Se0.85Te0.15 has higher values of S than PbSe0.85Te0.15 in the entire 
temperature range, and the two samples roughly have the same S dependence on T. This 
further verifies the valence band convergence effect by Cd substitution in PbSe and is also 
consistent with the fact that band convergence acceleration effect by PbTe alloying is preserved 
after Cd is added. 

As shown in Figure 4c, κlat is slightly reduced with increasing Na content around room 
temperature because of enhanced point defect scattering of Na dopants against heat-carrying 

phonons. At high temperatures (T > 500 K), samples with high Na concentrations (x ≥ 0.01) 

have much lower κlat in comparison to the one with x = 0.005. We attribute this to the 
suppression of bipolar diffusion36 in the heavily doped samples. The inset of Figure 4d shows a 
comparison of temperature dependent κlat between 2 mol % Na-doped 
Pb0.97Cd0.03Se0.85Te0.15 and PbSe0.85Te0.15. It is seen that κlat of PbSe0.85Te0.15 is 
reduced by 3 mol % Cd substitution for Pb because Cd replacing Pb creates more lattice point 
defects and any excess Cd precipitates out as CdSe1−yTey (Figure 3), with both events 



generating strong phonon scattering. The lowest κlat is ∼0.5 W m−1 K−1 at T > 700 K in the 

samples with x ≥ 0.01, which already approaches the theoretical minimum thermal 
conductivity of ∼0.38 W m−1 K−1 for PbSe estimated by the modified Cahill model.37 We 
attribute this to the formation of all-scale hierarchical microstructures (point defects, 
nanostructures, and mesoscale grain boundaries)4,7 in our samples. 

The maximum ZT of 1.7 at ∼900 K is obtained in the Pb0.95Na0.02Cd0.03Se0.85Te0.15 
sample, which is ∼70% higher than the control sample of Pb0.98Na0.02Se and among the 
highest values reported for a PbSe-based system; see Figures 4d and 6c. Our sample 
outperforms not only in peak ZT (1.7 at ∼900 K) but more importantly in average ZT (∼1 
between 400 and 900 K) as well (Figure 6d). This top thermoelectric performance enables PbSe 
to be a very competitive substitute of PbTe. 

 
  
 
 

 
Figure 6. (a) Room-temperature infrared spectrum for undoped PbSe, Pb0.97Cd0.03Se, and 
Pb0.97Cd0.03Se0.85Te0.15. (b) Comparison of temperature-dependent S for p-type doped 
PbSe,17 Pb0.97Cd0.03Se,18 and Pb0.97Cd0.03Se0.85Te0.15 with the same p of ∼2 × 1020 
cm−3 (roomtemperature value). Comparisons of (c) temperature-dependent ZT values and (d) 
400−900 K ZTave between this work and previous reports17−19 on best performing p-type PbSe 
thermoelectric materials. 



  
 

3. CONCLUDING REMARKS 
PbTe alloying in PbSe plays several key roles in enhancing the thermoelectric performance of 
PbSe: (i) it accelerates valence band convergence because ΔEV decreases more rapidly with 
rising temperature in PbTe than in PbSe; (ii) it lowers the VBM energy difference between 
matrix and precipitate, thereby facilitating valence band alignment for improved charge carrier 
mobility; (iii) it reduces κlat by alloying effect in addition to Cd doping and Cd-containing 
nanostructures. Furthermore, Cd substitution for PbSe0.85Te0.15 further converges LVB and 
HVB by enlarging the band gap, leading to enhanced band degeneracy for higher Seebeck 
coefficients. We have thus reached a peak ZT of ∼1.7 at 900 K and a record high ZTave of ∼1 at 
TC = 400 K and TH = 900 K in p-type Pb0.95Cd0.03Se0.85Te0.15. It yields a theoretical 
conversion efficiency, 

 
of ∼12.4%. This work goes beyond conventional band convergence and highlights a rational 
design of favorable convergence of electronic bands for achieving high thermoelectric 
performance in a variety of materials. 
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