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Abstract Far infrared reflectivity spectra of single crystal

PbTe doped with Bi were measured and numerically ana-

lyzed using a fitting procedure based on a modified

plasmon–phonon interaction model with two additional

oscillators at about 140 and 219 cm-1 which represents

local Bi impurity modes. The position of observed plasma

minimum and the values of the calculated parameters were

compared with the literature data for pure single crystal

PbTe which shows that bismuth improved the basic prop-

erties of the host crystal a lot.

Introduction

Narrow band-gap IV–VI binary semiconductors and their

alloys have been studied a lot because of their fundamental

electronic properties and for their practical applications in

optoelectronics for making infrared detectors, light-emitting

[1, 2] and thermoelectric [3, 4] devices. Lead chalcogenides

grow with high deviations from stoichiometry with defects

which are electrically active. If we dope these narrow gap

semiconductors with some impurities, it results in the

appearance of some strong and unusual effects which are not

characteristic for undoped samples [1]. If, for instance, PbTe

is doped with some group III impurities (B, Ga, and In) that

leads to the Fermi level pinning effect. Doping also offers the

possibility of varying the lattice parameters, band gap, con-

ductivity type, and carrier concentration. Also, a persistent

photoconductivity effect with a long relaxation time was

observed at low temperature [5]. When PbTe was doped with

group V impurities (As, Sb, and Bi), where the valence

configurations are 4p3, 5p3, and 6p3 for As, Sb, and Bi,

respectively, deep defect states formed [4] important to

attain electron concentrations maximizing the effectiveness

of a material for thermoelectric applications. Then the ther-

moelectric figure of merit ZT becomes optimal. T is the

absolute temperature and Z = (S2r)/K where S is Seebeck

coefficient, r is the electrical conductivity, and K is the

thermal conductivity which has two contributions, one from

the electrical carriers, Ke, and the other from the thermal

lattice vibrations (phonon), Klattice. A good thermoelectric

material must have both a large power factor (P = S2r) and a

low thermal conductivity. Bi is the one of the most important

dopants for crystals based on PbTe. When Bi is introduced in

p type PbTe, it leads to inversion of the dominant carrier sign

from ‘‘p’’ to ‘‘n’’ even for Bi concentrations\0.1 at% [4, 6,

7]. As far as we know nobody has been studied far infrared

properties of PbTe doped with Bi, yet. So, in this work we

will try to fill that gap.

The nonmonotonic character of the dependences of

properties on composition of PbTe + Bi [8] is attributed to

the change in the mechanism of Bi dissolution under

change in the Bi concentration to self-organization process
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in the impurity subsystem of crystal and to percolation

effects.

Experimental

Single crystal ingots of PbTe doped with the starting

composition of 2 at% Bi were synthesized using the stan-

dard Bridgman method [9]. High purity elements (6 N)

were used as the source material. The composition of Bi

increased along the length of the ingot, and a number of

samples with different Bi content were cut and polished.

The samples were examined with X-ray and it was con-

firmed that they were single crystals which could be

cleaved perpendicular to the c-axis. No signs of nano-

crystalization states were noticed. Highly polished samples

were used for optical reflectivity measurements which were

done using a Bruker IFS-113 V Fourier transform spec-

trometer whose resolution was about 1 cm-1. For the

measurements, we used a polarizer to see if our single

crystal sample is sensitive to light polarization.

Results and discussion

The room temperature reflectivity diagram, as a function of

the wave number, for a single crystal PbTe sample doped

with 0.2 at% Bi (S1) is given in Fig. 1.

In this case, the polarized light was parallel to c-axis.

For the light beam polarized perpendicular to the c-axis of

the same sample, the measured reflectivity spectrum is

given in Fig. 2 (S2).

It is interesting to notice that these two diagrams are a

bit different when the light beam was differently polarized.

For both diagrams, the plasma minimum is rather sharp and

at an unusually low frequency. That is characteristic of

PbTe samples with a low free carrier concentration and

high mobility [10]. For both diagrams, S1 and S2, one can

see a maximum at about 140 cm-1 which could be regar-

ded as a local mode of dopant Bi. But for normal

polarization to the c-axis (Fig. 2), there is another less

exposed maximum at about 219 cm-1 which should be

carefully analyzed because it might belong to another Bi

mode.

Far infrared reflectivity spectrum of single crystal

sample PbTe doped with 0.4 at% Bi is shown in Fig. 3.

Finally, reflectivity spectrum from a sample cut from the

same ingot near its end, which was doped with 2 at% Bi, is

given in Fig. 4. One can notice that the plasma minimum

moves toward the higher frequencies when the content of

Bi was increased. It is at about 120 cm-1 when PbTe was

doped with 0.2 at% of Bi (Fig. 1) and then at about

160 cm-1 for 0.4 at% Bi (Fig. 3) and then changed a lot

when PbTe was doped with 2 at% Bi to about 500 cm-1

(Fig. 4).

Reflectivity spectra could be interpreted with the help of

a frequency dependant dielectric function. We used a four

parameter model [11] where a combined plasmon–LO

phonon mode was present [12]. Then the determination of

the LO mode is connected with the elimination of the free

carrier influence. Finally, the dielectric function takes into

account the presence of a plasmon LO phonon interaction:

eðxÞ ¼ e1

Q2
j¼1 ðx2þ ic1jx�x2

1jÞ
xðxþ icpÞðx2þ ictx�x2

t Þ

�
Yr

n¼1

ðx2þ ic2
Ln

x�x2
Ln
Þ

ðx2þ ic0n
x�x2

0n
Þ
Yq

k¼1

ðx2þ icLOkx�x2
LOkÞ

ðx2þ icTOkx�x2
TOkÞ
ð1Þ

where xij and cij are parameters of the first numerator

representing the eigenfrequencies and damping factor of

the plasmon–LO phonon waves, respectively.

Similarly, the first denominator parameters correspond

to transverse (TO) vibrations. e? represents the high fre-

quency dielectric permittivity relative to the interval of

measurements and cp is the plasmon mode damping factor.

The second term in Eq. 1 represents Bi-impurity local

modes where x01 and x02 are characteristic impurity mode
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Fig. 1 Room temperature reflectivity diagram of PbTe with 0.2 at%

Bi with polarized light parallel to the c-axis. Experimental results are

given with circles, while the full line was calculated using a fitting

procedure based on the model given by Eq. 1
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frequencies. Frequencies xL1 and xL2 are parameters

connected with the oscillator strength (S) and c01, c02, cL1,

and cL2 are their damping factors, respectively. Uncoupled

modes of PbTe are xLOk, xTOk (longitudinal and transverse

frequencies) and cLOk, cTOk their damping factors.

The values of plasma frequency, xp, were determined

using the following equation:

xp ¼
x11 � x12

xt

ð2Þ

where xt, the transverse phonon frequency for PbTe was

taken from literature [13] to be 32 cm-1 because our

reflectivity spectra we measured only down to 50 cm-1.

For fitting procedure, the starting values of all parame-

ters were previously determined using Kramers Krönig

analysis.

The values of the parameters calculated using Eqs. 1

and 2 are given for all samples in Table 1. The values of

their error bars are smaller than 1 cm-1. Optical mobility

of free carriers was calculated using the method of Moss

et al. [14].

Looking at Table 1, one can see that first two plasma

frequencies are slightly different and at a rather low fre-

quency. For sample S1, the plasma damping factor is also a

bit smaller and the optical mobility of free carriers is about
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Fig. 2 Room temperature reflectivity diagram with light beam

polarized perpendicular to the c-axis. Experimental results are given

with circles, while the full line was calculated using a fitting

procedure
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Fig. 3 Far infrared reflectivity spectrum of single crystal sample

PbTe doped with 0.4 at% Bi. Experimental spectrum is presented by

circles. The solid line is calculated spectrum obtained by a fitting

procedure
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Fig. 4 Far infrared reflectivity spectrum of single crystal sample

PbTe doped with 2 at% Bi. The solid line is calculated spectrum

obtained by a fitting procedure
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22% higher than for S2. In both cases, the optical mobility

is very high compared with the literature value for n-type

PbTe which is only 1730 cm2/V s.

The sample with 0.4 at% Bi (S3) also has a higher

electron optical mobility compared with pure n-type PbTe.

Here it should be emphasized that the optical mobility for

the sample with 2 at% Bi decreased to only 285 cm2/V s.

Recently, Rogacheva et al. [15] reported electron mobility

of PbTe crystals doped with Bi whose concentration was

between 0.1 and 1 at% Bi of about 4000 cm2/V s at 80 K

and at room temperature of about 600 cm2/V s. Our single

crystal sample of PbTe doped with 0.2 at% has higher

room temperature optical electron mobility of about

4600 cm2/V s when the light was polarized parallel to the

c-axis and a slightly lower value of 3800 cm2/V s for the

light polarized normal to the c-axis. When the content of Bi

was increased to 0.4 at% or even 2 at% then the mobility

decreased to 2800 cm2/V s and finally to only 285 cm2/V s.

This increase of optical electron mobility with decrease of

content of Bi was followed by decrease of the plasma fre-

quency with a minimum at about 106 cm-1.

Obviously those lower concentrations of Bi (0.2 at%)

resulted in better properties of the crystal. Similarly in the

literature, the optimal concentration of Ga in PbSnTe was

0.2 at% [16] and for PbTe doped with Cr [17]. This means

that low concentrations of Bi atoms are located on the Pb

cation sites and the system is an n-type semiconductor and

electrons in PbTe move in predominantly Pb-based orbi-

tals. When the Bi concentration is increased a lot—above

0.4 at% Bi then one can expect some Bi atoms to enter into

interstitial positions. Then, the space distribution of the

impurity could probably be observed by atomic and elec-

tron microscopy.

Now the question could arise how many local modes

could PbTe doped with Bi have. We actually observed two

local modes, one at about 140 cm-1 and another at

219 cm-1. Bi behaves similarly to Ga and Tl, which belong

to the type of trivalent impurity, group III. The valence

configurations of the group III trivalent atoms are 4s24p1,

5s25p1, and 6s26p1 for Ga, In, and Tl, respectively. The

valence configurations of the group V trivalent atoms are

4p3, 5p3, and 6p3 for As, Sb, and Bi, respectively. The

calculation of the electronic density states for PbTe doped

with either group III or group V trivalent atoms show that

for In the deep defect state lies in the band gap region,

while for the Ga atom the deep defect state is near the top

of the PbTe valence band [18]. In contrast to group III

impurities the resonant states of Bi, with p valence electron

impurities, are near the bottom of the conduction band.

Similarly to PbTe doped with Ga, In, or Tl, one can sup-

pose that, when PbTe is doped with Bi, there is an unstable

Bi2+ state which may transfer to a less unstable form:

2Bi2+ = Bi1+ + Bi3+. Also the Bi1+ state can transfer as

follows: Bi1+ = Bi3+ - 2e. The metastable state (Bi2+)

for single crystal PbTe doped with Bi, we believe is at

about 140 cm-1 while another stable state at 219 cm-1

belongs to Bi1+. Finally the Bi3+, empty center, which we

did not observe might be at a higher frequency. It is

interesting to mention that Ahmad et al. [18] for PbTe

doped with In did not find any evidence for the presence of

an In3+ state either. Following the behavior of the local

phonon modes of impurities, the principal properties of the

PbTe matrices doped by different cations are determined

by anharmonic electron–phonon interactions as shown

during an investigation of nonlinear optical properties of

these materials [19].

Conclusion

In this work far infrared reflectivity spectra of PbTe doped

with 0.2, 0.4, and 2 at% Bi were measured with polarized

light at room temperature and numerically analyzed.

Beside the strong plasma–LO phonon interaction two

impurity local modes at 140 and 219 cm-1, which corre-

spond to the impurity atom in different valence states, were

observed and numerically analyzed. The lower frequency

mode can be assumed to be a local bismuth mode repre-

senting the population of a metastable state Bi2+. The other

local mode at about 219 cm-1 could be the result of

electron transfer from the stable two electron state to the

conduction band. The calculated optical mobility of free

carriers for the PbTe sample doped with 0.2 and 0.4 at% Bi

was much higher compared to single crystal pure PbTe.

This means that PbTe doped with a small percentage of Bi

will achieve higher thermoelectric properties due to the

coexistence of high free carrier mobility. This is important

because PbTe is one of the best thermoelectric materials

Table 1 Optical parameters determined for PbTe doped with Bi

%Bi x11 c11 x12 c12 x01 c01 xL1 cL1 x01 c02 xL2 cL2 xp ln

S1 (0.2 at%)||c 113.5 12.7 30 11.4 144.7 2.4 148 29 219 769 237 779 106 4648

S2 (0.2 at%)\c 115.7 14.4 30 35 140 21.5 152.6 39 219 70 227 36 108 3800

S3 (0.4 at%) 160 41.7 30 41.7 144 21 148 29 226 52.7 240 118.6 150.4 2684

S4 (2 at%) 499.6 149 30 128 144.7 1095 579 307 230 832 244 838 468.4 285

All values are given in cm-1, except ln which is given in cm2 V-1 s-1
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used for thermoelectric generators in the temperature range

between 400 and 800 K [20].
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