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 In this study, Pb18Sb5Te20 is used as a substrate to which different amounts of Ag are added 
to form  Ag1−yPb18Sb5Te20 (y = 0, 0.1, 0.2, 0.3, 0.4) alloys.  All the experiments use vacuum arc 
melting to produce a series of bulk thermoelectric materials.  X-ray diffraction (XRD) analysis 
and	Joint	Committee	on	Powder	Diffraction	Standards	 (JCPDS)	database	are	used	 to	confirm	the	
crystal structure of all materials.  This study investigates the thermoelectric properties of the alloys 
using	the	Seebeck	coefficient,	thermal	conductivity,	and	resistivity	parameters.		The	addition	of	Ag	
enhances	 the	 thermoelectric	figure	of	merit	 (ZT)	value	of	PbSbTe-based	thermoelectric	materials.		
Scanning electron microscopy (SEM) was also used to observe the fracture surface of all tested 
materials.   

1. Introduction

 Thermoelectric materials can be used in the manufacture of thermoelectric heat generators or 
coolers.  These materials can directly convert heat into electricity and power to achieve cooling.  
Thermoelectric devices have many advantages: (1) they are small and light, (2) they provide 
reliable local cooling, and (3) they can function under severe vibration or in harsh environments.  
Their	disadvantages	are:	(1)	high	manufacturing	costs	make	mass	production	difficult,	(2)	the	heat	
transferred from one end of the element to the other has to be removed by a cooling fan and heat 
sink,		and	(3)	thermoelectric	efficiency	is	only	about	5%,	which	is	rather	low.		It	takes	about	100	W	
of	electric	power	to	remove	5	W	of	heat.(1,2) 
 A material with good conductive properties generally has a relatively high heat transfer rate, 
which is a continuing problem in this area of research.  In recent years, these semiconductor-based 
materials have been grown by molecular beam epitaxy (MBE) or chemical vapor deposition (CVD) 
as	multilayered	films	or	so-called	superlattice	structures.		They	can	be	a	few	nanometers	to	several	
tens of nanometers thick, which results in the manifestation of quantum effects.  However, the 
interfaces	of	multilayered	superlattice	films	enhance	the	probability	of	additional	lattice-scattering,	
and	this	reduces	heat	conduction.		Therefore,	thin	film	thermoelectric	materials	can	be	expected	to	
significantly	alter	the	thermoelectric	figure	of	merit	(ZT)	value	of	the	structure.		For	example,	the	
ZT	value	of	the	Bi2Te3/Sb2Te3 and PbTe/PbSe superlattices can reach more than 2.(3,4)
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 Recently, compounds with a bismuth telluride substrate have been extensively studied and have 
become among the most important thermoelectric materials(5–7) used at room temperature, and much 
research has been done on the composition of material, for example: Bi2Te3, Bi2Te3-Sb2Te3 and others.(8) 
The thermoelectric material usually consists of a semiconductor doped with Sb for P-type and Se 
for N-type behavior.  Among new thermoelectric materials,(9) AgPbmSbTem+20 with a PbTe substrate 
has	a	high	ZT	value	at	700	K;	however,	excess	Pb	significantly	reduces	the	thermal	conductivity.		
The most extensive studies have been carried out on PbTe, which is a medium-temperature material 
with	 ZT	 value	 of	 1,	 which	 can	 also	 be	 used	 as	 a	 heater.(10–12)  Some studies(13–16) used different 
methods	to	measure	ZT	values,	and	the	results	are	inconsistent.	 	In	this	study,	we	use	Pb18Sb5Te20 
as the bulk substrate, which is then doped with Ag to form AgxPb18Sb5Te20 (x = 0.6–1), and we 
characterize its thermoelectric properties.  The doping concentration can affect the power factor and 
the Fermi level to achieve a maximum S2σ value.(17)  Therefore, we theorized that Ag doping would 
improve the Fermi energy level of the bulk material and that this improvement might present a new 
course for research and development of thermoelectric alloys.

2. Materials and Experiments

 The experimental work included material preparation, component analysis, microstructure 
analysis,	 and	 thermoelectric	 property	measurement.	 	 Powdered	 lead	 (Pb	 99.99%),	 antimony	 (Sb	
99.99%),	 tellurium	 (Te	 99.99%)	 and	 silver	 (Ag	 99.99%)	 were	 mixed	 in	 the	 desired	 mole	 ratio	
and then compressed into tablets in hydraulic press.  The tablets were processed by smelting in a 
vacuum arc furnace to form a ternary alloy, AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1).  The vacuum 
arc smelting was repeated three times at 873 K for 12 h.  Before melting, the chamber was pumped 
to a background pressure lower than 10−2 Torr.  A slow cool-cutting machine was used to cut strips 
of appropriate size from the resulting ingots.  The strips were polished mechanically.  Component 
and	 microstructural	 analyses	 were	 carried	 out	 on	 the	 strips,	 and	 the	 Seebeck	 coefficient	 was	
measured.	 	The	electrical	conductivity	and	Seebeck	coefficient	were	measured	using	a	 four-point	
direct	 current	 and	 commercial	 equipment	 [ZEM-3	 (M8)]	 system.	 	The	 thermal	 conductivity	was	
calculated from the equation k = αCpρ, where α is the thermal diffusivity, Cp is the heat capacity, 
and ρ is the density.  Furthermore, the value of α	was	measured	by	the	laser	flash	technique	(TC-
9000,	Ulvac-Riko,	Tokyo).	 	The	results	and	calculated	ZT	values	were	compared	with	 the	results	
of previous studies.  The component and microstructure analyses were done by X-ray powder 
diffraction,	 and	 field-emission	 scanning	 electron	 microscopy	 (FESEM)	 was	 used	 to	 study	 the	
surface structure.

3. Results and Discussion

3.1 X-ray diffraction (XRD) analysis of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1)

 Figure 1 shows XRD plots of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1).  Using the Joint 
Committee on Powder Diffraction Standards (JCPDS) database, we found that the main structure 
of	the	alloy	crystal	was	β-PbTe	with	a	space	group	of	Fm3m	and	a	crystal	structure	comprised	two	
interwoven face-centered cubic (FCC) lattices.
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3.2 Structural analysis of fracture surface

 Figure 2(a) shows an image of the fracture surface of Pb18Sb5Te20 (1000×) without the addition 
of Ag.  It can be seen from Figs. 2(b)–2(e) that there are clear white stripes on the surface, which 
result from the precipitation of Sb3+ and Pb2+.  This precipitation causes distortion of the lattice 
structure.  This observation is consistent with Ref. 1, in which doping PbTe with Ag and Sb caused 
similar clear stripes to appear.  These structural and resulting electronic changes cause local 
deformation	which	has	a	large	influence	on	material	properties.		As	the	amount	of	Ag	is	increased	
so do the number of white stripes, which eventually become patches that also increase in number.

3.3	 Seebeck	coefficient	of	AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) and temperature

	 Figure	3	shows	plots	of	the	Seebeck	coefficient	of	AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) as 
a function of temperature.  An increase in the amount of Ag improves the value of the Seebeck 
coefficient.	 	When	 the	 temperature	 reaches	 418	 K,	 the	 Seebeck	 coefficient	 reaches	 a	 maximum	
of	 −315.21	 μV/K.	 	 The	 Seebeck	 coefficient	 is	 negative	 because	 the	 material	 is	 an	 N-type	
semiconductor.

3.4 Resistivity of AgxPb18Sb5Te20 (x =0.6, 0.7, 0.8, 0.9, 1) and temperature

 Figure 4 shows the resistivity of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) as a function of 
temperature.  It can be seen that resistivity decreases as the temperature rises.  At 518 K, the 
resistivity of Ag0.6Pb18Sb5Te20 reaches a minimum value of 3 × 10−6	Ω-m	 and	 an	 increase	 in	 the	
amount	of	Ag	does	not	raise	the	resistivity.		When	the	temperature	rises	above	400	K,	the	decrement	
of resistivity becomes small.  A previous study(18) showed that the semiconductor properties of PbTe 
decrease	with	a	rise	in	temperature.		We	presume	that	the	semiconductor	properties	result	from	the	
added Ag which alters the Fermi energy density of PbSbTe.

Fig. 1. (Color online) XRD plots of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1).
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Fig.	3.	 (Color	 online)	 Plots	 of	 Seebeck	 coefficient	
of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) as a 
function of temperature.

Fig. 4. (Color online) Resistivity of AgxPb18Sb5Te20 (x 
= 0.6, 0.7, 0.8, 0.9, 1) as a function of temperature.

Fig. 2. SEM images of fracture surfaces of (a) Pb18Sb5Te20, (b) Ag0.6Pb18Sb5Te20, (c) Ag0.7Pb18Sb5Te20, (d) 
Ag0.8Pb18Sb5Te20, (e) Ag0.9Pb18Sb5Te20, and (f) Ag1Pb18Sb5Te20.

(a) (b) (c)

(d) (e) (f)

3.5 Power factor of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) and temperature

 Figure 5 shows the power factor of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) as a function of 
temperature.		The	power	factor	is	calculated	from	the	relationship	between	the	Seebeck	coefficient	
and resistivity.  It can be seen that the power factor increases or decreases with temperatures below 
or	 above	 438	K,	 respectively.	 	This	 is	 consistent	with	 earlier	 findings.(19)  The maximum power 
factor of Ag0.6Pb18Sb5Te20 of 2.02 × 10−4	W/mK2	 is	 observed	 at	 438	K	 because	 of	 the	 significant	
decrease	in	both	resistivity	and	the	Seebeck	coefficient.
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3.6 Thermal conductivity of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) and temperature

 Figure 6 shows the thermal conductivity of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) as a function 
of temperature.  It can be seen that, as the temperature rises, the thermal conductivity decreases.  At 
298	K,	a	value	of	8.96	W/mk	is	observed,	which	is	higher	than	that	of	2.3	W/mk	for	PbTe	produced	
by normal pressure sintering.(20)  High thermal conductivity is associated with two related factors: 
the thermal conductivity of electrons κe of Pb0.55Te0.45,

(21) and the thermal conductivity of the crystal 
phonon κph.  κe	can	be	calculated	using	the	Wiedemann-Franz	law,	κe = LσT, where L is the Lorenz 
number (L = 2.45 × 10−8	WΩK−2) and T	 is	 the	absolute	 temperature.	 	When	κ = κe + κph, we can 
obtain κph.  AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) has low resistivity that results in relatively high 
κe.

3.7 ZT value of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) and temperature

	 Figure	 7	 shows	 the	 ZT	 value	 of	AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) as a function of 
temperature.		The	maximum	ZT	value	of	0.3	is	observed	at	438	K.		However,	commercial	PbTe	has	
a	ZT	value	of	1	and	needs	to	be	improved.		We	found	that	Ag0.6Pb18Sb5Te20 had better thermoelectric 

Fig. 5. (Color online) Power factor of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) as a function of temperature.

Fig. 6. (Color online) Thermal conductivity of 
AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) as a function 
of temperature.

Fig.	7.	 (Color	online)	ZT	value	of	AgxPb18Sb5Te20 (x 
= 0.6, 0.7, 0.8, 0.9, 1) as a function of temperature.
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properties.  Therefore, AgxPb18Sb5Te20 should be annealed to see if this would improve its 
thermoelectric properties.

4. Conclusions

 A vacuum arc furnace was used to fabricate bulk Pb18Sb5Te20 doped with Ag to form 
AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) ternary alloys.  The composition, microstructure, and 
thermoelectric properties of the alloy were analyzed.
1. Analysis of compositions and microstructure
 The XRD measurement of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) alloys shows the crystal 
structure to be FCC and hexagonal close-packed (HCP).  The SEM images show obvious stripes on 
the fracture surfaces which may be related to the PbTe and Sb2Te3 formed by precipitation of Sb3+ 

and Pb2+, despite this not being obvious in the AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) case.  
2. Analysis of thermoelectric properties
 The resistivity of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) decreases as the temperature increases.  
Among the alloys, AgxPb18Sb5Te20 has the highest resistivity of 1.67×10−3	Ω-m	at	298	K.		However,	
an increase in the amount of Ag does not decrease resistivity.  It is likely that the addition of Ag 
alters the crystal structure.
 The thermal conductivity of AgxPb18Sb5Te20 (x = 0.6, 0.7, 0.8, 0.9, 1) ternary alloys decreases 
with increasing temperature, and AgxPb18Sb5Te20	has	a	thermal	conductivity	of	4.41	W/mk	at	518	K	
as expected.
	 An	 analysis	 of	ZT	values	 shows	 that	Ag0.6Pb18Sb5Te20	 has	 the	 highest	ZT	value	 of	 0.3	 at	 438	
K.	 	Since	commercial	PbTe	has	a	ZT	value	of	1,	 further	 improvement	 is	needed.	 	Annealing	was	
not	carried	out	in	this	experiment	and	this	might	have	affected	the	ZT	values.		In	the	future	we	will	
anneal	the	alloys	to	see	if	this	improves	their	ZT	values.
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