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Abstract: We present an effective approach to favorably modify the 

electronic structure of PbSe using Ag doping coupled with SrSe or 

BaSe alloying. The Ag 4d states make a contribution to in the top of 

the heavy hole valence band and raise its energy. The Sr and Ba 

atoms diminish the contribution of Pb 6s2 states and decrease the 

energy of the light hole valence band. This electronic structure 

modification increases the density-of-states effective mass, and 

strongly enhances the thermoelectric performance. Moreover, the 

Ag-rich nanoscale precipitates, discordant Ag atoms and Pb/Sr, 

Pb/Ba point defects in the PbSe matrix work together to reduce the 

lattice thermal conductivity, resulting a record high average ZTavg of 

~0.86 over 400-923 K. 

Introduction 

With about two- thirds of the world’s produced energy being lost 

as waste heat,[1] thermoelectric materials which are capable of 

converting waste heat directly into electricity and have received 

worldwide research attention. The conversion efficiency of a 

thermoelectric material is governed by the dimensionless figure 

of merit, ZT = S2σT/(κcar + κlat), where S, σ, T, κcar and κlat are the 

Seebeck coefficient, electrical conductivity, absolute 

temperature in Kelvin, and carrier and lattice thermal 

conductivities, respectively.[2] It is apparent that high ZT can be 

obtained through enhanced power factor (PF = S2σ) or 

decreased κtot (κcar + κlat) or both. The strong coupling between S, 

σ, and κcar, makes it is very difficult to enhance ZT. The 

efficiency of a thermoelectric device (η = [(TH − TC)/TH] [(1 + 

ZTavg)
1/2 − 1]/[(1 + ZTavg)

1/2 + TC/TH], where TH and TC are the 

hot-side and cold-side temperature, respectively) is directly 

dependent on the magnitude of the average ZT over the entire 

temperature range of operation, which is historically challenging 

to enhance.[3] Therefore, for efficient heat to electrical energy 

conversion it is not sufficient to just increase the maximum value 

of ZT if the average ZTavg over a broad temperature range 

remains low. 

PbTe is one of the best thermoelectric materials for power 

generation because of its unique electronic band structure (two 

valence bands: the light (L) and the heavy (Σ) valence band) and 

intrinsically low thermal conductivity.[4] However, elemental Te is 

rare and expensive, which motivates a search for high-

performing Te-free compounds. In this context, PbSe is 

supposed to be one of the most promising candidates because 

selenium is about fifty times more earth abundant that tellurium 

and this has sparked much interest in the thermoelectric 

community.[5] Although PbSe has a similar electronic structure 

with two valence bands structure, the thermoelectric 

performance of p-type PbSe is quite inferior to p-type PbTe. This 

is primarily caused by the much larger energy difference ∆Ev 

(0.28 eV) than PbTe (0.15 eV), which inhibits the full contribution 

of the heavy (Σ) valence band to charge transport at the 
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temepratures of interest (600-1000 K). With the weak influence 

from the second valence band Σ, PbSe exhibits lower Seebeck 

coefficient and PbSe can be regarded essentially as a single-

valence-band semiconductor below 600 K.[6] As one of the most 

important strategies, band convergence has virtually no 

detrimental effects.[7] However, in lead chalcogenides, the alkali 

metals Na and K serve only as ideal dopants to optimize the 

carrier concentration and do not modify the electronic band 

structure.[5b, 8] On the other hand, although n-type PbSe has 

approximate maximum ZT ~1.6, the excellent ZTavg of ~1.1 over 

400-923 K for n-type PbSe has been achieved via the alloying of 

so-called discordant Ge atoms, which strongly reduce the lattice 

thermal conductivity.[9] In contrast, the corresponding p-type 

ZTavg value is only ~0.6.[5a] Thus, the simultaneous reduction of 

∆Ev achieved by light and the heavy valence band convergence 

and κlat is essential to improving the performance of p-type PbSe, 

and in particular the ZTavg. 

In this study, we find Ag dopant does not only optimize the 

carrier concentration but also markedly reduces the valence 

band offset energy, ∆Ev, which can then be further decreased by 

the second agent SrSe or BaSe alloying. This causes a much 

decreased ∆Ev that moves the onset of the valence band 

convergence to lower temperatures (~450 K) than by using just 

SrSe or CdSe alone.[5b, 10] We refer to this effect as dual 

chemical knob control of the valence band converge which 

induces a superior rise of the Seebeck coefficient with 

temperature beginning above ~450 K, compared to the 

corresponding Na-doped PbSe-SrSe/BaSe samples.[5b, 11] This is 

the first time that a metallic dopant is discovered to affect the 

orbital constitution of the top of the heavy hole valence band. 

Moreover, because its concentration is the beyond the solubility 

limit in the PbSe matrix Ag-rich nanoscale precipitates are 

formed. This is in addition to the discordant Ag atoms in the 

lattice and the Pb/Sr, Pb/Ba point defects all of which work 

together to cause intense phonon scattering reducing the lattice 

thermal conductivity to ~0.60 Wm−1K−1 at 823 K. As a result, the 

ZT values are increased at all temperatures producing a record 

high ZTavg of 0.86 at 400-923 K in Pb0.99Ag0.01Se-1.5%SrSe. 

Results and Discussion 

The powder X-ray diffraction (PXRD) patterns of all 

Pb0.99Ag0.01Se-x%SrSe and Pb0.99Ag0.01Se-y%BaSe samples 

(see Figure S1 in Supporting Information) indicate apparent 

single-phase compounds with a NaCl type structure. To get a 

deeper understanding of Ag-doping and Sr alloying on the 

microstructure of PbSe, we performed scanning/transmission 

electron microscopy (S/TEM) analyses. As shown in Figure S3a, 

the high-angle annular dark field (HAADF) image of 

Pb0.995Ag0.005Se shows a clean surface without any z-contrast 

observable. Along with the corresponding energy dispersive 

spectroscopy (EDS) mappings, it is confirmed that the 0.5% Ag 

are all doped into the PbSe matrix. When the Ag concentration 

is increased to 1%, most of the specimen is still a solid solution 

but a very sparse amount of Ag-rich second phases (highlighted 

by yellow arrows) is also present, see Figure S3b. However, 

when the SrSe fraction is further raised to 1.5%, the solubility of 

Ag in PbSe decreases dramatically. As highlighted by yellow 

arrows in Figure 1a and 1c, a large amount of nanoscale 

precipitates are observed to be homogeneously distributed in 

the matrix. The precipitates are rich in Ag according to EDS 

mapping, with a size range of 5-80 nm (Figure 1b). The selected 

area diffraction pattern (inset of Figure 1c) matches the rock-salt 

cubic PbSe along the [110] zone axis, with no extra spot 

observable. The high-resolution TEM image of nanoprecipitates 

embedded in the matrix reveals a coherent boundary between 

the Ag-rich phase and its surroundings (Figure 1d). 

Figure 1. S/TEM analyses of Pb0.99Ag0.01Se-1.5%SrSe sample. (a) High-angle 

annular dark field (HAADF) image and (b) corresponding EDS mappings. 

Decent amount of Ag-rich nanoscale precipitates are observable. (c) 

Conventional bright field TEM image. Inset is the selected area diffraction 

pattern taken along the [110] zone axis of the PbSe matrix. (d) High-resolution 

TEM image of one typical precipitate embedded in the matrix, revealing a 

coherent interface with its surroundings. 

As shown in the calculated projected density of states 

(Figures 2b, 2d and 2f), the conduction band minimum stems 

mainly from Pb 6p states, while the valence L band maxima 

come from Se 4p, Ag 4d and Pb 6s states for Ag-doped and 

SrSe- or BaSe-alloyed PbSe. Compared with the band structure 

of pure PbSe, SrSe- or BaSe-alloyed PbSe systems (Figure S6), 

the Ag 4d state not only makes a contribution to L band, but also 

is the major component in heavy valence band (along Σ) for Ag-

doped PbSe systems (Figure 2, Figures S7 and S8). As shown 

in Figures 2a, 2c, 2e and S5, the energy offset, ∆Ev between the 

first valence band maximum (L point) and the second valence 

band maximum (along Σ) decreases for Ag-doped PbSe alloyed 

with SrSe or BaSe. Specifically, for the Ag-doped and SrSe- or 

BaSe-alloyed system, the energy offset reduces to only 0.17 eV, 

which is much smaller than the pure PbSe case of 0.28 eV. 

To better clarify the role of SrSe and BaSe on this band 

convergence effect, we calculated the electronic band structures 

of the PbSe-SrSe and PbSe-BaSe alloys without any Ag added, 

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 



RESEARCH ARTICLE    

3 

 

see Figures S6b, S6c, S6e and S6f. As can be seen, the 

valence band maximum (VBM) band energy offsets are 0.21 and 

0.20 eV caused by partially remove the weight of Pb 6s2 lone 

pair electrions on L,[12] which is the most approach of band 

convergence for the isoelectronic substituted PbQ-based 

materials.[5a, 13] Interestingly, the energy offset is induced from 

the Se atoms around Sr or Ba atoms, while the Sr or Ba atoms 

themselves do not change the band structure appreciably. 

A surprising revelation comes from studying the Ag effects 

on the electronic structure. To clearly show the contribution of 

Ag for the top VBMs, the valence band structures of Ag-doped 

and SrSe-alloyed PbSe is displayed in Figure 3 with the 

contribution of Pb 6s, Se 4p, Ag 4d and Sr 5s states from a 

single Pb, Se, Ag and Sr atoms. The bigger size of the dot the 

larger the contribution from the corresponding atom. As can be 

seen, for the first valence band maximum at L point, it is almost 

the same amount of contribution from Se 4p and Ag 4d states. 

However, for the second valence band maximum along the Σ 

direction, the contribution of the Ag 4d states is more significant 

about 3 times bigger than other orbital states from Se 4p and Pb 

6s. This difference in orbital contribution can also be seen from 

the partial DOS from each single species in Figure 2d, where at 

-0.45 eV (corresponding to the second VBM), the DOS value of 

Ag 4d state is much bigger than the Se 4p value. In addition, the 

first and second valance band carrier effective masses of Ag-

doped PbSe increased to 0.12 m0 and 1.96 m0 from 0.11 m0 and 

1.90 m0 for pure PbSe. Thus, the reduction of ∆Ev between the 

light and heavy valence bands due to Ag introduction can be 

understood by an increase of the energy of the both first and 

second VBM.  

Figure 2. Electronic band structures of Ag-doped PbSe with ∆Ev ~0.21 eV (a); 
Ag-doped and SrSe-alloyed PbSe with ∆Ev ~0.17 eV (c); Ag-doped and BaSe-
alloyed PbSe with ∆Ev ~0.17 eV (e); and corresponding density of states for 
Ag-doped PbSe (b); Ag-doped and SrSe-alloyed PbSe (d); Ag-doped and 
BaSe-alloyed PbSe (f), where the corresponding states with only one atom in 
each species are displayed to clearly show their contribution. 

It is well known that standard dopants (e.g. Na, K, Tl, etc) can 

cause energy changes and modifications to the top of the light 

hole valence band (L point) in lead chalcogenides, however, 

these dopants leave the heavy whole band (Σ point) intact. The 

fact that a dopant can cause a significant modification on the 

constitution of the top of the heavy hole valence band is an 

important discovery because it points to a new chemical tuning 

method for this band. Therefore, the Ag-doping combined with 

SrSe- or BaSe-alloyed achieves a larger effect in the reduction 

of ∆Ev than Ag alone or SrSe- /BaSe-alone. Furthermore, 

according to the calculation of lattice parameter as a function of 

temperature (α = α0 + βT + γT2, where α0 is 6.171, β is 5.55 × 10-

5, γ is 1.17 × 10-7)[14], the lattice constant increases to 6.290 Å at 

800 K without including the effects of dopants. Therefore, the 

energy offset decreases further to 0.14 eV for Ag-doped PbSe 

with SrSe alloyed system and 0.15 eV for Ag-doped PbSe with 

BaSe alloyed system as shown in Figures S7 and S8. 

 

Figure 3. Figure Caption. (a) The schematic of the band structure modification 

with Ag doping and SrSe/BaSe alloying as the two chemical knobs. The Ag 

doping raises the heavy hole band and Sr/BaSe alloying lowers the light hole 

band, leading to the fast band convergence. This is the first time a significant 

modification has been discovered on the orbital constitution of the top of the 

heavy hole valence band by a dopant. The valence band structures of (b) 

SrSe-alloyed (PbSe-SrSe) and (c) Ag-doped and SrSe-alloyed PbSe (PbSe-

Ag-SrSe) with the contribution of Pb 6s (red up triangle), Se 4p (blue circle), Sr 

5s (pink star) and Ag 4d (green square) states from a single Pb, Se, Ag and Sr 

atoms. In order to highlight the contribution of Ag, all bands are shifted 

horizontally to make every species contribution visible. 

These results are supported by temperature-dependent Hall 

coefficients (Figures S11a and S12a ) and Photoemission Yield 

Spectroscopy in Air (PYSA) data (Figure S4). The occurance of 

a maximum in the Hall coefficient TH signifies the convergence 

temperature of the two valence bands.[10, 15] For Ag-doped and 

SrSe alloyed sample, the TH is ~550 K, which is the lowest 

temperature reported in PbSe-based material systems,[5b, 10, 13b, 

15] indicating the smallest ΔEV value obtained.[10] And from PYSA 

measurement, ∆Ev is reduced from ~0.25 for pure PbSe to ~0.18 

eV for both SrSe- and BaSe-alloyed samples at room 

temperature. As we will present below this significant energy 

band convergence contributes to the significant enhancement of 

the Seebeck coefficients.  

The temperature-dependent electrical conductivity of 

Pb0.99Ag0.01Se-x%SrSe and Pb0.99Ag0.01Se-y%BaSe samples 
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decreases with increasing SrSe and BaSe fractions, Figures 4a 

and 4b. This is in agreement with the simultaneous drops in n 

(Figure S10). At room temperature, the electrical conductivity of 

the SrSe-alloyed samples decreases from ~2103 Scm−1 for 

Pb0.99Ag0.01Se to ~636 Scm−1 for Pb0.99Ag0.01Se-4%SrSe (Figure 

4a). For BaSe-alloyed samples, σ decreases to ~665 Scm−1 for 

Pb0.99Ag0.01Se-5%BaSe (Figure 4b). The electrical conductivity 

for both SrSe- and BaSe-alloyed sets of samples monotonously 

decreases with rising temperature, representing degenerate 

semiconductor behavior. 

The temperature-dependent Seebeck coefficients of 

Pb0.99Ag0.01Se-x%SrSe and Pb0.99Ag0.01Se-y%BaSe samples are 

shown in Figures 4c and 4d. The positive Seebeck coefficients 

throughout the tested temperature range confirm the p-type 

transport behavior suggested by the positive values of the Hall 

coefficients (Figure S10). At room temperature, the Seebeck 

coefficients of SrSe-alloyed samples gradually increase from 

~52 μVK−1 for Pb0.99Ag0.01Se to ~84 μVK−1 for Pb0.99Ag0.01Se-

4%SrSe (Figure 4c). For BaSe-alloyed samples, the room-

temperature Seebeck coefficients significantly increase to ~128 

μVK−1 for Pb0.99Ag0.01Se-5%BaSe (Figure 4d). Moreover, the 

Seebeck coefficients are larger in samples with higher alloyed 

fraction in the entire measured temperature range. The 

coefficients for all samples increase with temperature and reach 

the maximum values of ~288 μVK−1 for Pb0.99Ag0.01Se-2%SrSe 

and ~322 μVK−1 for Pb0.99Ag0.01Se-5%BaSe at 923 K, 

respectively. Specifically, the Seebeck coefficients have a 

substantial increase beginning at ~450 K, which is not observed 

for Na-doped PbSe-SrSe/BaSe samples (Figure S13).[5b, 11, 16] 

We attribute the lower onset temperature of this enhancement to 

the superior dual chemical knob valence bands convergence 

caused by the significantly decreased ∆Ev (Figures 2e and 2f, 

and Figure S5). Moreover, from the Pisarenko relation (Seebeck 

coefficients as a function of carrier concentration) as shown in 

Figure S16, the increased m* derives from the strong L-Σ band 

convergence effect and results in the enhancement of the 

Seebeck coefficient.[13d] More importantly, the Seebeck 

coefficients are robust to annealing the samples (Figure S14) 

and also repeatable in multiple measurements (Figure S15).  

The temperature-dependent power factors of Pb0.99Ag0.01Se-

x%SrSe and Pb0.99Ag0.01Se-y%BaSe samples are displayed in 

Figures 4e and 4f. The room temperature power factors are 

above 5 μWcm−1K−2 for all samples, which is much higher than 

1.63 μWcm−1K−2 for Pb0.99Na0.01Se-2%SrSe and 2.10 μWcm−1K−2 

for Pb0.99Na0.01Se-3%BaSe (Figure S17).[11b] Moreover, the 

power factors rapidly increase at elevated temperature and 

reach ~20 μWcm−1K−2 at 473 K for Pb0.99Ag0.01Se-1%SrSe 

(Figure 4e). For BaSe-alloyed samples, the highest value is ~17 

μWcm−1K−2 at 523 K for Pb0.99Ag0.01Se-1%BaSe (Figure 4f). 

Compared with the previous PbSe-based materials,[5a, 11, 13b, 15] 

the Ag-doped and SrSe- or BaSe-alloyed samples exhibit much 

higher power factors at the range of 300-600 K, as shown in 

Figure S17. The superior power factors, especially at low 

temperature range (< 600 K) is a very important advantage for 

achieving the high ZTavg. 

The temperature-dependent κtot of Pb0.99Ag0.01Se-x%SrSe 

and Pb0.99Ag0.01Se-y%BaSe samples is displayed in Figures 5a 

and 5b. At room temperature, the κtot decreases with the 

increased SrSe or BaSe fraction, from 3.03 Wm−1K−1 for 

Pb0.99Ag0.01Se to 1.97 and 1.61 Wm−1K−1 for Pb0.99Ag0.01Se-

4%SrSe and Pb0.99Ag0.01Se-5%BaSe, respectively. Moreover, 

the κtot is lower with higher SrSe/BaSe alloy fraction in the 

measured temperature range. For all samples, the κtot 

continuously decreases with rising temperature and becomes 

0.84 and 0.76 Wm−1K−1 at 873 K for SrSe and BaSe-alloyed 

samples, respectively. 

Figure 4. Thermoelectric properties as a function of temperature for 

Pb0.99Ag0.01Se-x%SrSe and Pb0.99Ag0.01Se-y%BaSe: electrical conductivity, σ, 

(a) and (b); Seebeck coefficient, S, (c) and (d); and power factor, PF, (e) and 

(f). 

The κlat is calculated by the equation: κlat = κtot − κcar = κtot − 

LσT (where L is the Lorenz number, evaluated by the equation: 

L = (1.5 + exp[−|S|/116]) × 10−8 V2K−2).[17] The κcar and calculated 

L are displayed in Figures S18c, S18d, S18e, and S18f. Both the 

SrSe and BaSe alloying can efficiently enhance the scattering of 

phonons by point defects mainly from the mass and strain 

fluctuations in the lattice, resulting in reduced κlat (Figures 5c and 

5d). Moreover, the κlat decreases at the increasing temperature 

as usually occurs in semiconductors caused by phonon-phonon 

umklapp scattering. In detail, for SrSe-alloyed samples, the 

lowest κlat value of ~0.60 Wm−1K−1 is obtained for Pb0.99Ag0.01Se-

1.5%SrSe at 823 K (Figure 5c). For BaSe-alloyed samples, a 

similar value of ~0.62 Wm−1K−1 is obtained for Pb0.99Ag0.01Se-

3%BaSe at 823 K (Figure 5d). The lowest κlat values for SrSe- 

and BaSe-alloyed samples decrease by 35% and 33% 

compared with 0.93 Wm−1K−1 for Pb0.99Ag0.01Se at 823 K, 

respectively.  
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According to our TEM results, SrSe alloying reduces the 

solubility of Ag in the PbSe matrix and causes a large amount of 

Ag-rich nanoprecipitates with a size range of 5-80 nm, which 

homogeneously distributed in the matrix (Figure 1b). Thus, we 

suggest the nanoscale Ag-rich precipitates, the off-centered Ag 

dopants, and the point defect caused by the Sr- or Ba-alloying 

significantly impeded phonon propagation and contributed to the 

reduction of κlat. Despite the slight rise of κlat at above 823 K, 

which is likely caused by the bipolar diffusion of increased 

minority carriers, the contribution of bipolar diffusion is minimal 

in these SrSe and BaSe alloyed samples because of the 

enlarged band gaps. Although the nanoscale precipitates and 

point defect usually lead to reduced charge mobility (µH), Ag-

doped PbSe samples show much high µH ~280 cm2V-1s-1 

compared to ~230 cm2V-1s-1 for Na-doped PbSe standard 

sample with n ~5.99 × 1019.[18] Moreover, Sr/BaSe alloyed 

samples show higher µH than previous alloyed p-type PbSe-

based materials (Figure S11b).[10, 15] [18] [19] [13a] 

Figure 5. Thermal properties as a function of temperature for Pb0.99Ag0.01Se-

x%SrSe and Pb0.99Ag0.01Se-y%BaSe: total thermal conductivity, κtot, (a) and 

(b); and lattice thermal conductivity, κlat, (c) and (d). 

The temperature-dependent ZT of Pb0.99Ag0.01Se-x%SrSe 

and Pb0.99Ag0.01Se-y%BaSe samples is displayed in Figure 6. 

The SrSe-alloyed samples possess a high peak ZT of ~1.2 at 

873 K for Pb0.99Ag0.01Se-1.5%SrSe, while the BaSe-alloyed 

samples show a higher room-temperature ZT of ~0.21 (about 

four times that of Na-doped PbSe, ~0.05, with n ~3 × 1019
 cm-3) 

for the samples with y = 4 and 5. Moreover, the Ag-doped and 

SrSe- or BaSe-alloyed samples show superior ZT values 

compared with the state-of-the-art p-type PbSe and Na-doped 

PbSe compounds over the temperature range of 300-800 K 

(Figure 6c).[5a, 5b, 11] The greatest benefit is obtained in ZTavg 

which is crucial in device fabrication. In the range of 400-923 K, 

the ZTavg is 0.86 for Pb0.99Ag0.01Se-1.5%SrSe and ~0.79 for 

Pb0.99Ag0.01Se-3%BaSe. The comparison of ZTavg values with 

previous p-type PbSe compounds is illustrated in Figure 6d. 

Noticeably, the value of 0.86 with the theoretical conversion 

efficiency of ~11.5% in the temperature range of 400-923 K is 

the highest reported for any p-type PbSe material (Figure 6d).[5a, 

5b, 18] 

Figure 6. The figure of merit, ZT, as a function of temperature for 

Pb0.99Ag0.01Se-x%SrSe (a) and Pb0.99Ag0.01Se-y%BaSe (b); Comparison of ZT 

values for p-type PbSe-based materials in this study with previously explored 

p-type PbSe thermoelectric materials (c)[5a, 5b, 11] and comparison of ZTavg 

values for a temperature gradient of 400 K to 923 K for top performing p-type 

PbSe-based materials (d).[5a, 5b, 18] 

Conclusion 

We achieve a substantially improved thermoelectric 

performance in p-type PbSe-based materials via the use of two 

independent chemical agents Ag and Sr/Ba which work 

independently and synergistically to favorably modify the 

electronic band structure and reduce κlat. The Ag 4d states make 

a large contribution to heavy valence band maximum (along Σ) 

and decreases ∆Ev of PbSe, which can not be achieved by 

classical Na and K doping. This leads the beneficial effect of 

decreasing the ∆Ev further to ~0.14 eV at 800 K, leading to the 

significantly enhanced DOS effective mass and Seebeck 

coefficient. This is the first time a significant modification on the 

orbital constitution of the top of the heavy hole valence band is 

achieved by a metallic dopant i.e. Ag. It opens new way to 

control a challenging part of the electornic structre: heavy hole 

valence band. Furthermore, Ag-rich nanoscale precipitates, the 

discordant nature of Ag dopant, and Pb/Sr, Pb/Ba point defects 

in the PbSe matrix work together to significantly suppress 

phonon propagation speed and reduce the lattice thermal 

conductivity to ~0.60 Wm−1K−1 at 823 K. In consequence, a 

record high average ZTave of ~0.86 is obtained for 

Pb0.99Ag0.01Se-1.5%SrSe, showing the considerable potential of 

this tellurium-free system for device applications. 
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We find a new mechanism of strong band convergence with low onset temperature for p-type PbSe that the discordant Ag doping 

raises the heavy hole band and Sr/BaSe alloying lowers the light hole band, leading to the fast and strong band convergence and 

significantly enhanced Seebeck coefficient. 
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