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• The effect of elementary introduced Bi upon thermoelectric properties and microhardness of PbTe 
is investigated. Non-monotonous behaviour of PbTe properties dependence on bismuth content is 
established. Intricate behaviour of the dependences is associated with the modification of Bi disso-
lution pattern observed under composition variations as well as percolation effects and self-
arrangement processes in the impurity subsystem of the crystal. Concentrations of Bi correspond-
ing to maximum values of thermoelectric power are determined. 

Introduction  

Semiconductor compound PbTe-based materials are widely used in thermoelectric devices, in-
frared sensors and IR sources; they are applied in holography etc. [1-3]. One of the principal methods 
of regulating the properties of these materials is doping and formation of solid solutions with wide 
concentration range. Bismuth is one of the most important PbTe dopants, bismuth doping allows ob-
taining such electron concentrations that can ensure maximum values of thermoelectric figure-of-merit 
in crystals and thin films, optimum parameters of p-n junctions in laser diodes etc.  

PbTe doping with Bi can be performed in different ways. One can introduce elementary Bi, 
congruently melting Bi2Te3 compound, BiTe additive and the like into the solution. Development of the 
fundamental principles of oriented PbTe doping with bismuth is associated with the investigation of 
the effect of Bi introduced into PbTe under steady control upon various properties.  

Several papers are devoted to the investigation of PbTe-based solid solutions in the ternary sys-
tem of Pb-Bi-Te type. According to [4], Pb-Bi-Te system has two quasibinary sections, i. e. PbTe-
Bi2Te3 and PbTe-Bi, their state diagrams are presented in research papers [5] and [4], respectively. Be-
sides, [4] also contains a state diagram of non-quasibinary PbTe-BiTe system. It was established that 
solubility of Bi [4] and BiTe [4, 6] in PbTe system does not exceed 1 at.%, while solubility of Bi2Te3 in 
PbTe system amounts to ~ 5 at.% [6, 7]. As it was demonstrated in [8], in PbTe-BiTe system with con-
centration in the range of 0-3 at.% BiTe, mechanical, galvanomagnetic and other properties do not fol-
low monotonic pattern which is probably due to the percolation-type effects and complexation proc-
esses. Investigation of PbTe homogeneity region (HR) in Pb-Bi-Te ternary system [7] showed that in-
troduction of Bi up to ~ 3 at.% broadens HR shifting it towards the increase of Те content; maximum 
extension of homogeneity region corresponds to PbTe-Bi2Te3 section cut. 

Presently, profound donor effect of Bi in PbTe system is universally recognized. According to 
[9-11], introduction of Bi into stoichiometric p-PbTe results in the change of polarity when Bi content 
is below 0.1 at.%.  As it was displayed in [6], doping effect of Bi is more prominent along PbTe-BiTe 
section cut rather than along PbTe-Bi2Te3 cut. In [12] these results are interpreted using two-region 
model of PbTe conductivity assuming reduction of energy disintegration of extremes at increasing Bi 
content. In [6, 8, 9, 12] it is established that under introduction of BiTe up to ~ 0.1 at.% Bi, each Bi 
atom supplies 1 electron, and under further increase of Bi content carrier concentration growth rate is 
reduced [6, 8, 12].  

As far as we know, references contain no information regarding the pattern of the effect of ele-
mentary Bi upon PbTe properties. Meanwhile, this case has practical significance. One of the prevail-
ing methods of doped single crystal growth is surface saturation with dopants and subsequent anneal-
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ing at predetermined temperatures. The problem of interaction between PbTe and Bi also emerges 
when PbTe<Bi> films are obtained and doping is performed by supplementary sputtering of elemen-
tary Bi from the independent source. Certain authors have investigated PbTe/Bi superlattices and high-
lighted the prospects of their utilization for thermoelectric applications in the future. [13]. Develop-
ment of heterojunction structure preparation method requires information concerning the character of 
interaction between PbTe and Bi on the junction and accompanying change of properties.  

The aim of the present paper is to determine the pattern describing dependences of thermoelec-
tric and mechanical properties of PbTe upon Bi content under varying alloy composition along PbTe-
Bi cut in Pb-Bi-Te concentration triangle.  

Experimental technique  

 (PbTe)100-xBix alloys (x = 0÷4) were synthesized by alloying high-pure Pb, Bi and Te (not lower 
than 99.999 at.% of the main component) in the evacuated up to ~ 10-1 Pa quartz vessels using vibra-
tion mixing. The samples were annealed at 820 К during 200 hours and cooled at switched off furnace 
rate. Monitoring of the sample homogeneity level by microhardness and microthermoemf proved that 
spread in the values of indicated parameters over the sample did not exceed their measuring error. Pre-
cipitations in the second phase (eutectic) were first detected at x = 2, which agrees well with the results 
[4]. 

Microhardness H was measured at room temperature with PMT-3 device using diamond cutting 
point at 0.49 Н load. Loading period, load detention time and load removal time were each 10 s. The 
device was adjusted using fresh NaCl crystal chips. Surface preparation for H measurements (surfac-
ing, abrasive polishing and etching with 15% HNO3 solution) was identical for all samples. Values of 
H were obtained by averaging of 30 imprints. Statistical processing of the results indicated that the 
value of relative mean-square fluctuation in the series of 30 measurements of H did not exceed ~ 1.0 
%. In order to determine possible effect of non-identical conditions of microsection preparation in the 
process of H measurements upon H values we used three different samples made of one ingot. It was 
established that spread in H values over three different samples did not exceed the spread of values 
over each sample. Electrical conductivity σ and Hall coefficient RH were measured using magne-
tostatic field method (~ 1 Тesla) and direct current in the sample to within ~ 5%. Indium was used as 
contact material. Charge carrier concentration was calculated using the formula n = r/(e⋅RH) assuming 
that Hall factor r = 1, while Hall mobility was determined by formula µ = RH⋅σ. Seebeck coefficient 
was measured with regard to copper accurate within ~ 2 %. 

Experimental results  

Fig.1 represents dependence of microhardness upon Bi content. As we may see, introduction of 
the first doses of Bi brings forward sharp increase of H: when х = 0.1 microhardness grows by ~ 30% 
compared to the original composition (PbTe). However, when х = 0.25, H drops significantly, while 
when х ~ 1.25÷1.5, H tends to increase under oscillating character of H(x) dependence, and remains 
nearly constant since. Dotted line in Fig.1 represents monotone microhardness constituent in the oscil-
lating region of H(x) curve. The results of microstructural analysis and obtained dependence H(x) en-
able us to conclude that solubility limit of Bi in PbTe after the applied thermal treatment does not ex-
ceed х ~ 1.25÷1.5. On the other hand, complex and uncharacteristic for solid solutions behaviour of 
H(x) dependence designates qualitative changes in the defect subsystem of the crystal under growth of 
Bi concentration.  
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Fig.1. Dependence of microhardness H of (PbTe)100-XBiX crystal 

on bismuth content  

Fig.2 (а) represents dependence of Hall coefficient on sample composition. Original 
stoichiometric PbTe is p-conductive but when x = 0.1 we can observe polarity reversal. Estimation of 
the number of carriers supplied by each Bi atom in the region x = 0-0.1 yields ~ 3 carriers/atom. RH 
grows within x = 0.1÷0.25 and drops again in the range x = 0.25÷2.0, though this time the rate is sub-
stantially lower than it was when first doses of Bi were introduced. In this region, each Bi atom sup-
plies ~0.15 carrier. Beginning with x ~ 2, RH remains practically constant.  
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Fig.2 Dependences of Hall coefficient RH (a) and thermoEMF coefficient S (b) of  

(PbTe)100-XBiX crystals on bismuth content  

Dependence S(x) is characterized by similar behaviour (see Fig. 2 (b)). When x = 0.1, Seebeck 
coefficient is negative and reaches maximum when x = 0.25. Then S drops to ~ 50 µV/K when x ~ 0.6, 
and gradually decreases since.  

Fig.3 represents dependences of carrier mobility (Fig.3, а) and concentration (Fig.3, b) on Bi 
content. Like curve H(x), the dependence µ(x) does not follow monotone pattern which is indicative of 
complex defect formation processes occurring in PbTe crystal lattice after Bi is introduced. When x = 
0.1, carrier mobility decreases compared to µ of stoichiometric p-PbTe (which is evidently associated 
with impurity scattering and substantial heterogeneity of the electrical image in the region of polarity 
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reversal) but when x = 0.25 µ increases dramatically. It can be attributed either to reduced concentra-
tion of charge carriers and corresponding decrease of degeneration observed within x = 0.1÷0.25 or 
different defect formation procedure which is confirmed by H drop in the given x range. Abnormal (in 
sight of ordinary solid solutions) growth of µ under increasing Bi concentration accompanied by dra-
matic decrease of microhardness (see Fig. 1) occurs within x = 0.4÷0.75. Taking into consideration the 
absence of peculiar behaviour of RH(x) dependence in this case, and abnormal behaviour of H(x) de-
pendence we may conclude that growth of µ within x = 0.4÷ 0.75 is associated not with the change of 
degeneration factor, but with а change of carrier scattering pattern resulting from the changes in defect 
subsystem.  
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Fig.3. Dependence of mobility (a) and concentration (b) of charge carriers in (PbTe)100-XBiX crystals 

 on bismuth content  

Fig. 4 shows dependence of thermoelectric power P on Bi content. It is evident that P reaches 
maximum (P = 39⋅10-4 W/m K2) when x ≅ 0.25. 
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Fig.4. Dependence of thermoelectric power P = S2σ  of  

(PbTe)100-XBiX crystals on bismuth content  



 E.I. Rogacheva, S.G. Liubchenko 
Thermoelectric and mechanical properties of bismuth-doped lead telluride 

 Journal of Thermoelectricity №3, 2005 ISSN 1607-8829 28

Discussion of the results  

Thus, both dependences of microhardness and galvanomagnetic and thermoelectric properties of 
PbTe on the content of elementary Bi are indicative of complex defect formation processes occurring 
in PbTe crystal lattice after Bi is introduced.  

Among principal mechanisms regulating dissolution of cation-forming impurities in 
stoichiometric compounds are insertion of impurity atoms into interstitial sites or filling cationic 
sublattice sites with impurity atoms and formation of vacant sites in anionic sublattice. The above 
mechanisms can be supplemented by the mechanisms related to the formation of anti-structural defects 
(BiTe). In semiconductor crystals with traditionally small coordination numbers and corresponding suf-
ficiently loose structure enthalpy of atomic interstitial site formation is comparable to vacant site for-
mation. As a result, internodal atoms in semiconductors play more important role than they do in met-
als which are characterized by densely packed atomic structures. When impurities are introduced into 
non-stoichiometric compound, additional dissolution mechanisms develop due to interaction between 
intrinsic and impurity defects. As we have established earlier [14-17], principal mechanism regulating 
dissolution of elementary impurities in SnTe and GeTe compounds with highly-concentrated (~1 at.%) 
non-stoichiometric vacant lattice sites is filling of cationic vacant sites with impurity atoms entailing 
decrease of microhardness, carrier concentration depletion and growth of their mobility accompanied 
by the increase of lattice conductivity. For certain impurities along with dissolution in the vacant sites 
we observed insertion of the first doses of impurity atoms into interstitial sites. In some cases the 
above effect disappeared after the sample was annealed.  

PbTe has much narrower (compared to SnTe and GeTe) homogeneity region; its extension in 
Pb-Te system does not exceed several hundredth at.% Te [18]. Principal defects of non-stoichiometric 
PbTe are Pb and Te vacant sites and internodal Pb atoms (from the side of excessive Pb). Tradition-
ally, stoichiometric composition of PbTe is characterized by hole conductivity which is due to dis-
placement of peaks on solidus and liquidus curves and their shift towards excessive Te. Concentration 
of cationic vacant sites in non-stoichiometric PbTe does not exceed ~ 0.02 at.% [18].  

Dramatic increase of H under small Bi impurities (x = 0÷0.1) is indicative of substantial lattice 
deformation while decrease of µ indicates improved charge carrier scattering over impurity ions. In 
this connection we may assume that first doses of Bi atoms are most likely to enter the lattice follow-
ing insertion pattern with localization in the interstitial lattice sites. This assumption can be substanti-
ated by the fact that in the given x range each Bi atom supplies ~ 3 free electrons, i. e. it is the most 
electrically active donor dopant compared to other methods of introducing Bi atoms into PbTe crystal, 
for instance, in the form of BiTe or Bi2Te3 [6-11]. Besides, it should be noted that processes of impu-
rity atoms dislocation with regard to principal structural sites when their quantity is small and interac-
tion between impurity atoms is negligible are stimulated by sharp growth of configuration entropy 
which is not balanced by the growth of crystal intrinsic energy observed when first impurity doses are 
introduced. Since bonding energy of impurity atom is lower than bonding energy of ground atom (at 
least, in the low concentration region of impurity), impurity atoms will be dislocated in the first place.  

Under certain impurity concentration further occupation of interstitial sites becomes thermody-
namically disadvantageous. Two solutions are possible in this case: either dissolution pattern should 
be changed or Bi should be precipitated in the second phase. However, occupation of cationic vacant 
sites formed as the result of stoichiometric deviation with Bi atoms or completion of cationic sublattice 
with Bi atoms accompanied by concurrent formation of vacant sites in anionic sublattice is also con-
ceivable.  

Considering short-acting effect of deformation fields generated by impurity atoms and high 
level of charge shielding in the compounds of IV-VI type (in view of high values of static electric 
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permittivity) [3, 18, 19] we can investigate this problem in the context of short-range theory, for in-
stance, percolation theory [20]. Under growing concentration of Bi atoms, force fields (deformation 
field, Coulomb field etc.) generated by individual impurity atoms begin to overlap and under certain 
critical concentration xC (percolation limit [20]) percolation passages are formed. As we have demon-
strated earlier, these processes are traditionally accompanied by decrease of the total level of elastic 
stresses in the lattice and drop of microhardness [21-23]. Formation of percolation passages stimulates 
cooperative self-arrangement processes in the impurity defect subsystem which can be reduced to both 
redistribution of impurity atoms over the lattice interstitial sites (far or near ordering) and qualitative 
change of impurity atom localization behaviour.  

Taking into consideration the above information, we may assume that up to x = 0.1 Bi atoms are 
mainly inserted into interstitial sites as they do not interact between each other or with available cati-
onic vacant sites. With increasing Bi content, percolation passages are formed, and therefore favorable 
environment for self-arrangement processes is established. Due to this fact, H and n are decreasing 
critically while µ grows up to x ~ 0.25 (see Figs. 1, 3). Reduction of electron concentration at increas-
ing x up to x = 0.25 can be attributed to partial liberation of impurity atoms in internodal sites and their 
localization in cationic vacant sites formed in stoichiometric PbTe as the result of stoichiometric de-
viation and/or occupation of cationic sites with concurrent formation of vacant sites in tellurium 
sublattice. In this case electrical activity of Bi atoms will be lower than electrical activity observed 
when Bi atoms enter interstitial sites.  

After the processes of lattice rearrangement are completed at x ~ 0.25, subsequent introduction 
of Bi occurs in the context of new “self-arranged” structure while the pattern of Bi atoms insertion into 
the lattice is changed and Bi exhibits low electrical activity (each Bi atom supplies only ~ 0.15 carrier). 
Probably, a portion of Bi atoms is introduced into interstitial sites in unionized state. Such processes 
can precede preliminary liberation stage when clusters of non-liberated phase (bismuth) still retaining 
lattice bonding are formed. Moreover, we shouldn’t exclude growing probability of amphoteric effect 
of Bi when Bi atoms concurrently occupy both cationic and anionic sites in Bi3+ and Bi3- states, respec-
tively, while general electrical neutrality of the lattice is maintained. The authors relied upon this pat-
tern [24] for explanation of abnormal dependence of electron concentration in PbTe-BiTe alloys upon 
excessive Te content.  

Oscillating behaviour of H(x) and µ(x) dependences within x=0.25÷1.5 is apparently due to new 
self-arrangement processes occurring in the defect subsystem of the crystal under certain Bi concentra-
tions and alternating with processes of new defects accumulation against the background of well-
ordered medium. At self-arrangement stage H drops while µ grows. Intermediate well-ordered struc-
tural states are possible even at the preliminary liberation stage and oversaturated solid solution de-
composition stage. Determination of specific defect formation patterns within x = 0.25÷1.5 requires 
special structural investigations.  

Comparison of maximum values of thermoelectric power obtained in the present investigation 
and our research [8] dedicated to the investigation of thermoelectric properties of PbTe-BiTe alloys 
demonstrates close proximity of these values. Therefore, the choice of the most suitable method used 
for PbTe doping with bismuth in order to obtain optimum electron concentration values will be stipu-
lated by complementary factors, e. g. thermal conductivity, degree of reproducibility and stability of 
parameters, degree of homogeneity of the samples, etc. For instance, in [25] it was highlighted that 
introduction of Bi as a dopant for Bi2Te3 system results in both weaker (compared to BiTe dopant) dop-
ing effect and considerable spacious heterogeneity of PbTe samples.  

The findings and results of the investigation can be used as a basis for controlled doping of 
PbTe crystals and films by introduction of elementary bismuth. Furthermore, they can be applied to 
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predict changes of properties observed under interaction between PbTe and Bi in heterojunction struc-
tures.  

Conclusions  

The paper pioneers investigation of the effect of Bi element introduced into (PbTe)100-xBix sys-
tem upon thermoelectric and mechanical properties of PbTe.  

Non-monotonous behaviour of PbTe properties dependence on bismuth content was determined. 
It is associated with the change of Bi dissolution pattern under varying composition, percolation ef-
fects and self-arrangement processes in the impurity subsystem of the crystal.  

Maximum values of thermoelectric power (P = 39·10-4 W/m⋅K2) observed at x ~ 0.25 actually 
coincide with peak P values obtained under introduction of BiTe dopant in PbTe.  

References  

1. Anatychuk L. I. Thermoelements and thermoelectric devices: Reference book. – Kiev, Naukova 
Dumka Publishers, 1979. – 768 p. 

2. CRC Handbook of Thermoelectrics. Ed. Rowe D.M. – CRC Press, Boca Raton, London, New 
York, Washington, D.C., 1995. – 701 p. 

3. Liubchenko A. V., Salkov E. A., Sizov F. F. Physical principles of semiconductor infra-red photo-
electronics. – Kiev, Naukova Dumka Publishers, 1984. – 254 p.  

4. Abrikosov N. Kh., Skudnova E. V., Poretskaya L. V., Osipova T. A. Investigation of 
Bi-Pb-Te system// Zhurnal Neorganicheskoi Khimii. – V.5. – No.10. – 1969. – P.1682-1686. 

5. Elagina E. I., Abrikosov N. Kh. Investigation of PbTe-Bi2Te3 and SnTe-Sb2Te3 systems// Zhurnal 
Neorganicheskoi Khimii. - V.4. – No.7. – 1959. – P.1638-1642. 

6. Efimova B. A., Zakhariugina G. F., Kolomoets L. A. Thermoelectric properties of PbTe-Bi2Te3 and 
PbSe-Bi2Se3 solid solutions// Izv. AN SSSR. Neorg. Mater. – V.4. – No.1. – 1968. – P.32-38. 

7. Rogacheva E. I., Laptev S. A., Ploskaya V. S., Efimova B. A. PbTe-based solid solutions in Pb-Bi-
Te system// Izv. AN SSSR. Neorg. Mater. – V.20. – No.8. – 1984. – P.1350-1353. 

8. Tavrina T.V., Rogacheva E.I., Pinegin V.I. Structural, thermoelectric and galvanomagnetic proper-
ties of PbTe-BiTe semiconductor solid solutions // Mold. J. Phys. Sci. – V.4. – 2005. 

9. Kovalchuk T. L., Maslakovets Yu. P. Effect of doping upon electrical properties of lead telluride// 
Zhurnal Teoreticheskoi Fiziki. – V.26. – No.11. – 1956. – P.2417-2431. 

10. Starik P. M. Electrical properties of PbTe with bismuth impurities// Ukr.Fiz.J. – V.11. – No.3. – 
1966. – P.265-269. 

11. Borisova L.D. Thermoelectric properties of impurity doped PbTe //Phys. Stat. Sol. – V.53 A. – 
1979. – P.K19-K22. 

12. Kaidanov V. I., Melnik R. B., Shapiro L. A. Effect of bismuth impurities upon power distribution 
and electron dissipation in bismuth telluride// Fizika i Tekhnika Poluprovodnikov. – V.6. – No.11. 
– 1972. – P. 2140-2143. 

13. Dresselhaus M.S., Lin Y.-M., Koga T., Cronin S.B., Rabin O., Black M.R., Dresselhaus G. In 
Semiconductors and Semimetals: Recent Trends in Thermoelectric Materials Research III. San 
Diego, CA: – ed. T.M. Tritt. – Academic Press, , 2001. – P.1-121.  



 E.I. Rogacheva, S.G. Liubchenko 
Thermoelectric and mechanical properties of bismuth-doped lead telluride 

ISSN 1607-8829 Journal of Thermoelectricity №3, 2005   31

14. Dzyubenko N.I., Rogacheva E.I., Kosevich V.M., Laptev S.A., Arinkin A.V. The influence of in-
dium, gallium, antimony, and bismuth on the properties of tin telluride // Izv. AN SSSR, Neorgan 
Mater. – V.19. – №9. – 1983. – Р.1457-1461. 

15. Rogacheva E.I., Ivanova A.B., Zhigareva N. K., Ob’edkov A.G. Effect of impurities in compounds 
of the AIVBVI type // Izv. AN SSSR. Neorgan. Mater. – V.21. – №12. – 1985. – P.1762-1764.  

16. Rogacheva E.I. Mechanism of Dopant Dissolution in Off-Stoichiometric GeTe //Inorganic Materi-
als. – V.31. – №7. – 1995. – P.830-833.  

17. Rogacheva E.I., Dzyubenko N.I. Solubility of impurities in nonstoichiometric SnTe //Izv. AN 
SSSR. Neorgan. Mater. – V.22. – №5. – 1986. – P. 760-761.  

18. Abrikosov N. Kh., Shelimova L. E. Semiconductor materials based on the compounds of АIVBVI  

type. – Moscow, Nauka Publishers, 1975. – 195 p. 

19. Ravich Yu. I., Efimova B. A., Smirnov I. A. Methods of semiconductor research applied to PbTe, 
PbSe and PbS lead chalcogenides. – Moscow, Nauka Publishers, 1968. – 384 p. 

20. Stauffer D. Introduction to Percolation Theory. – London/Philadelphia: Taylor and Francis, 1985.  

21. Rogacheva E.I. Concentration-dependent microhardness in semiconductor solid solutions. //Izv. 
AN SSSR. Neorgan. Mater. – V.25. – №5. – 1989. – P.643-646. 

22. Rogacheva E.I., Tavrina T.V. and Krivulkin I.M. Anomalous composition dependence of micro-
hardness in Pb1-xGexTe semiconductors solid solutions //Inorganic Materials. – V.35. – 1999. – 
P. 236-239. 

23. Rogacheva E.I., Sologubenko A.S., Krivulkin I.M. Microhardness of Pb1-xMnxTe semimagnetic 
solid solutions //Inorganic Materials. – V.34. – 1998. – P.545-549. 

24. Bytenskiy L. I., Kaidanov V. I., Makeenko V. P., Melnik R. B., Nemov S. A. Self-compensation  
of donor effect of bismuth in lead telluride //Fizika i Tekhnika Poluprovodnikov. – V.18. – 3. – 
1984. – P.489-492. 

25. Aitikeeva T. D., Golovanova N. S., Zlomanov V. P., Lebedev A. I., Tananaeva O. I. Electrical 
properties and photoluminescence of bismuth-doped lead telluride crystals// Fizika i Tekhika Polu-
provodnikov. – V.20. – No.1. – 1986. – P.44-46. 

 
 

Submitted 30.06.05. 


