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Abstract. Lead telluride and its related materials sublimate at high temperature.  This could result in a change
in stoichiometry due to the prefereniial loss of one of the constituents, which in tum alters the carrier
eoneantration hence the thennoslectric properties of the matenal. The onset of sublimation stanted at 838K and
a cover gas pressure of 138X 10°Nm™. Negligible mass losses (<10™kg) were nuliced during the heating cycle
below 838K, but became detectable above 923K, Losses increased s the temperature appruached 973K, X-
ray studies showed that PbTe sublimes as molecular PbTe and not as Fb or Te atoms, accompanied by a slight
shift in stoichiometry towards Te-deficiency. The rate of sublunation decreased significantly with increasing
cover gas pressure when heated nt 973K. A reduction of 50% in the rate of sublimation is achieved when the
caver gas pressure varied from 1.722X10°Nm? to 379x10°Nm? A further reduction in the rate of
sublimation could be achieved by applying higher gas pressures pravided the equipment can withstand ir.
The measured rate of sublimation at 973K 1s 30 per cent luwer than the calculated rate as predicted by theory.

Intreoduoction

Lead telluride (PbTe) and its solid solutions, as a bulk material or thin films, are
promising materials for usc in thermoclectric generation [2-12,22|, laser industry and
micro-electronics [23-27).  PbTe is a semiconductor with an energy gap of 0.3 eV. Its
crystal structure is face centered cubic (FCC) witha  lattice constant a,=6.50+(.02 [1-
21. The melting point of ua-doped PbTc is 1 190K for 50 at. % Te and has a density of
8.15x10% kgm'3. The electrical properties of PbTe are greatly affected by adding foreign
atorns to its lattice. PbTe can be made n-lype or p-type semiconductar by slightly
changing its stoichiometry, (Pb-rich PbTe is n-type, while Te-rich PbTe is p-type) or by
introducing some impurities to the matrix [3-12].
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28 X-Ray Identification of n-PbTe

A thermoclectric power generator consists  of many thermocouples. A
thermocouple consists of n-type and P-type arms joined at a junction and produces a laow
voltage and a high current. To obtain a high voltage a number of thermocouples are
connected clectrically in series and thermally in paratle] to form a module. The module
is heated at one end (hot side) und a temperature gradient maintained with respect to the
other end (cold side).

The efficiency of a thermoelectric power generator in converting heat energy into
electrical energy depends upon the figure -of-merit Z of the thermocouple material
[13-14]:
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where & is the Seebeck coefficient, o the electrical conductivity and A the thermat
conductivity. All these parameters are functions of the carrier concentration.

PbTe sublimes at high temperatures, and may thus resulls in a change in its
stoichiometry. ‘This change could be attributed to a preferential loss of one of its
constituents which alters the carrier concentration and hence affects the thermoelectric
properties of the material.

Field and Bunde {15] derived the following formula to calculate the rate of
sublimation of PbTe under the application of a positive gas pressure:

2
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where T is the rate of sublimation (kg/m’s), 1, is the radius ofa cylinder shape
specimen (m), o, is the proportionality constant, T is the absolute temperature, P 15 the
surrounding  gas pressure (N/m?), E, is the activation energy of sublimation of n-PhTe
(6.56x10°)/kg), R is the universal gas constant (24.81 J/kg K), and n is a constant that

depends on the inert gas, and it equals umty in the case of argon gas.

The aim of our study is to identif; y the 1-PbTe sublimate and to suppress or minimize
the rate of its sublimation. This sim ean be achieved by applying different positive gas
pressures of argon in order to keep the thermoelectric properties of the material
unchanged when heated at high temperature. Also it aims to verify the validity of (he
predicted formula of Field and Bunde [15].

Experimental

(a) Identification of the PbTe sublimate:
A sample of n-PbTe was heated in an evacuated silica ampule at 973K for 8hin a
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vertical tube furnace alontg which was established a temperature gradient. The sublimate
was collected and ground to a fine powder. Sample identification was carmied out by an

x-1ay diffractometer with Co-K  Hne{—1.79021 A} operated at 40 kV and 20 mA with
a graphite monochromator. X-ray diftraction patterns of the original starting material
and of the PbTe sublimate were obtained.

(b) Dependence of the rate of sublimation of n-PbTe on cover gas pressure:

Parallelopiped shaped samples were cut frem the n-PhTe ingot using a low speed
diamond saw. The specimen was weighed and its dimensions measured using a
precision micrometer before it was put in a silica tube inside the furnace. The silica fube
was comnected to a vacuum system with a facility which enabled it to be evacuated then
filled with arpon gas to the desired pressure. The temperature of the furnace was raised
to 973K using an Eurotherm programer/controller. The temperature was measured with
S-type  thermocouple with accuracy of F 1K. After two hours of heating ai 973K, the
furnace was switched off and lefi to cool to about 393K. The specimen was then taken
out of the fumace, weighed and the loss in weight wus calculated.

The above procedure was repeated four times using the same specimen to give a total
heating time of B8h. The same procedure was repeated under different cover gas
pressures. A new specimen is being used in each experiment. The ratc of sublimation is
readily calculated from the slopes of the graphs of weight loss versus time of annealing
and the total surface area of the corresponding specimen.

The following cover gas pressures were used: 0.6886x10°, 1.033x10°, 1.337x10°,
1.722x10%, 2.754x10% and 2.4x 1 0°N/m’.

Results and Discussion

The x-ray diffraction patterns of thc n-PbTe sublimate and the n-PbTe original
starting matenal are shown in Fig. 1. It shows that the sublimate has the same lines as the
starting material with a very slight shift towards smaller angles, ie, lowards Te-
deficiency. No lines that correspond to any of the constituents were detected. This
indicates that PbTe cvaporation from the surface of PbTe occurs as molecular PbTe and
not as atomic Pb or Te. The lattice parameters ate calculated. Corrected values of the
lattice parameters were obtained using the Nelson-Reily extrapolation function [16]. The
corrected values of our measured lattice parameters are shown in Table | together with
published values for PhTe. Table 1 shows that our data are in close agreement with that
reported by Rustamov etal (7], and Rosi [17], and differs slightly from those given by
Reimer [18] and Pashinkin and Novosclova [19]. This difference could be due to the
purity of the starting material used in prepaning PbTe. Pashmkin and Novoselova [19]
used a 9% 99% purity stariing materials which had been further purified, while Rustamov
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et al [7] used a 99.999% purity materials. From their chemical analysis data of PbTe and
its sublimates, Pashinkin et al [19] showed that the sublitnate has slightly more Te than
the original materials and slightly lcss Pb, which again is in agreement with our X-Tay
measurciment.
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Fig.1. X-ray diffraction patlerns of: #) n-PbTe starting material (original); b) n-PbTe sublimate,

Table 1. Comparison of the lattice constant of n-PbTe vriginal material and the n-PbTe sublimate with
the published data

Material Lattice constant Reference
PbTe (Original) 6.464 Present work
4.464 wh?
.50 0.02 reL18
644 ref19
6.439 % 0.006 ref21
646 ref.17
PbTe (Sublimate) 6.4584 Present work
6.44 ef 19

Evaporation of PbTc started at 838K al a cover gas pressure of 1.337x10°Nme2,
Negligible mass losses (<10%kg) were observed during the heating cycle below 838K,
and became more detectzble above 923K. The losses increased as the temperature
approached 973K, as shown in Fig.2. The loss in mass at 973K, after equal heating time
intervals of two hours from the beginning of experiment was determined at different



X-Ray Identification of n-PhTe 31

cover pas pressures and is shown in Fig.3. The calculated rate of sublimation using
equation (2) and the measured rate of sublimation as a function of cover gas pressure are
presented in Fig4. The calculated rate is based on a fixed sample radius of 0.3 18x10°
%y The temperature which was used in the calculation is the same temperature used in
the experiments (973K).
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Flig. 2. Varistion of the mass loss of n-PbTe material with temperature taken at a cover gas pressure of
13810°Nm .
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Fig. 3 Variation of the mass loss of n-PbTe material with cover gas pressure and time of annealing at
9K,
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Fig. 4. Variation of the rate of sublimation of n-PbTe matcrial with cover gas pressure P. at 973K,

Field and Bunde [15] calculated the rate of sublimation at 873K for n-PbTe. It was
2.1x107 kg/m®s at 1.722x10°Nm™.  Killian 120] showed that the rate of sublimation for
#-PbTe ranped from 9x10*kg/m* s at 673K to 6x10°kg/m?.s at 873K in vacuum.

For p-PbTe, the rate of sublimation varied from 1.9x10%kg/m’ s at 722K to 7x10°
*kg/m*s at £73K in vacuum, i e. one order of magnitude higher than n-PbTe under the
same conditions [20].

Our measured rate of sublimation varied significantly with increasing cover gas
pressure as shown in Fig.4. It decreased from 9.69x10kg/mi.s at 1.722x10°N/m” to
4.52x10°°kg/m’.s a1 3.76x10°N/m®; a reduction of 50% was achieved, A further reduction
in the rate of sublimation could be attained by applying higher gas pressures provided
the equipment can withstand it. Also, we found that the measured rate of sublimation is
about 30 per cent lower than the calculated rate from equalion (2), as shown in Fig.4. A
Good agreement of eq.2 with expenimental curve is achieved by choosing a value of
1.3555x10" for the propertionality constant @, ineq.2, as shown in Fig.5.

From this stdy, the vacuurmn deposition of PhTe layers on proper substrates for
thermaeleetric applications [21] could be a useful technique as sputtering deposition of
superlattices of semiconductors [22) and using melecutar beam cpitaxy to grow epitaxial
layers of PbTe doped with Bi on BaF, (111) substrates [23]. Degradation of the structure af
high Bi-concentrations in PhTe occurs due to the formalior of a temary I'b, Bi Te and this
degradation was indicated by surface images obtained by atomic force microscopy.
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Fig. 5. Variation of the raie of sublimation of n-PhTe miief]gi with cover gas pressure P, at 973K. Best
fitting of the experimental results with oL .

Yardanov [24,25] has taken into account the scattering by composition
fluctations according to the band structure of the system p-Ph, ,Sn.Te solid solution.
The peculiarities in the dependence of the hole mobility on the compasition existing at
77K were interpreted by band inversion and scattering by the composition fluctuations.

Recent study to improve the oxidation resistance of PbTe was by coating PbTe by
Si0,-Zn0-B,0,-Na,0 systemn glass with various composition [26]. Tt showed that PbTe
coated by the glass containing 60 mass% PbO.TeO, extubited excellent oxidation
resistance and showed no mass changes at 773K for 360ks.

The decrease in carricr mobility of PbTe thin films with fine grains fabricated by
pas evaporation method was greatly decreased by the grain boundarics and of the
oxidation |27].

Conclusion

It is concluded that PbTe evaporation from the surface of PbTe occurs as
molecular PbTe and not as atomic Pb or Te. Applying positive cover gas pressure of an
inert gas during the preparation and annealing processes of PbTe has proved 1o minimize
the rate of sublimation at high temperatures. Consequently, the transport properties of
this material will not deteriorate due to sublimation of dopant or any of the alloy
constituents.
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