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A B S T R A C T

The far-infrared spectroscopy was used to analyze optical properties of PbTe single crystals doped with different
amounts of Si. A dielectric function that takes into account the plasmon-phonon interaction was employed in the
measured data manipulation. Two frequencies of plasmon-phonon coupled modes were obtained with the best-
fit method, whereas the values for LO mode and plasma frequency (ωP) were calculated. The best-fit to the
experimentally obtained spectra agrees very well with the theoretical prediction.

1. Introduction

Specific physical and chemical properties of PbTe draws attention of
numerous scientific studies. In particular, small band gap and high
carrier mobilities qualify it for application in infrared optoelectronic
devices [1] and thermoelectric materials [2]. The PbTe is also a good
candidate for topological insulators materials. For instance, there are
theoretical predictions that Te antisite defects in nonstoichiometric Te-
rich PbTe could induce a band inversion, turning it into a topological
crystalline insulator [3].

Thermoelectric materials found use in searches for alternative and
complementary energy sources due to their ability to convert heat to
electricity and vice versa [4–7]. Advantages of thermoelectric systems
for direct heat-to-electricity conversion are environmental friendliness,
absence of pollutants, small size, reliability, and large operating tem-
perature range. Performance efficiency of a thermoelectric material, ZT,
is expressed as ZT = (S2σ/κ)T, where S, T, ρ, and κ are the Seebeck
coefficient, temperature, electrical resistivity, and thermal con-
ductivity, respectively. The rocksalt-structured PbTe and related ma-
terials of n-as well as of p-type are shown to be good thermoelectric
materials that operate in the mid-temperature range. As a matter of
fact, PbTe-based materials have the highest recorded ZT among the
bulk TE materials [8]. However, the materials based on PbTe have low
mechanical strength, which can be improved by using Si as a dopant
[9].

In order to absorb electromagnetic radiation, free carriers have to
interact with a lattice. Transitions of an individual carrier as well as
formation of collective plasma oscillators (plasmons) can contribute to

the absorption. Consequently, the free-carrier absorption contains in-
dividual-carrier excitations (individual-carrier scattering), as well as
collective carrier excitations (plasmon generation). Coupling of ele-
mentary excitations in solids has been investigated in a number of
studies [10–13]. Studies of photon-plasmon processes usually start with
a dielectric function for free carriers in a perfect crystal. Our approach
[14,15] is to create a dielectric function that explains registered pro-
cesses, and to compare it to the parameters obtained with the classical
approach [13,16,17]. Comparison of the two yields to the physical
explanation of the processes that take place in the doped semi-
conductors.

Raman spectroscopy is the commonly used technique to analyze
optical properties of different materials. But, acquiring information
about the coupled plasmon-phonon modes from the Raman spectra of
PbTe samples is closely related to the ability to eliminate the influence
of the oxide layer that is being formed at the sample surface. For film-
samples, an additional problem can be removal of the substrate influ-
ence [18]. Further, analysis of the obtained results must be performed
with elaborate mechanisms related to the microscopic approach in
calculation of the Raman scattering cross-section [11] because the po-
sition of plasmon-phonon modes does not always coincide with the
spectral maximum. Use of the IR spectroscopy in the analysis of the
coupled plasmon-phonon modes takes into account all of these issues.
In addition, in IR spectroscopy the position of global minimum remains
directly related to the frequency of the coupled plasmon-phonon
modes.

In this paper far-infrared spectroscopy (FIR) is used to study optical
properties of PbTe single crystals doped with Si. Three values of Si
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concentration in the samples were considered, namely 1, 3, 5.6 at.%.
Analysis of the reflection spectra in a wide spectral range was used to
detect plasmon-phonon coupling in the studied system.

2. Experiment

Single crystal ingots of PbTe(Si) were grown by the modified
Bridgman method. The samples were synthesized using high purity
components. The impurity content in the starting mixture was from 3 to
8 at.%. The Si concentration in the crystals used here was 1, 3, and
5.6 at.%. Distribution of silicon along ingots was determined by the XRF
(X-ray fluorescence) analysis. Prior to analysis, the ingots were cut into
discs of the same thicknesses. The XRF measurements were carried out
on both sides of each disc and the spectra are given as the average of the
two. Distribution of silicon along these ingots is in accordance with the
model given in Ref. [19] according to which impurities always moves
back to the end of the ingot.

The infrared reflectivity measurements were carried out at room
temperature with a BOMEM DA-8 Fourier-transform IR spectrometer. A
deuterated triglycine sulfate (DTGS) pyroelectric detector was used to
cover the wave number region from 50 to 450 cm−1.

3. Results and discussion

The low-frequency dielectric properties of single crystals are de-
scribed by classical oscillators corresponding to the TO-modes and the
Drude part which takes into account the free carrier contribution
[10,17]:
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where ε∞, ωLOk, ωTOk, ωP, γTOk, and γP are the bound charge con-
tribution taken to be constant, longitudinal and transverse optical-
phonon frequencies, plasma frequency, and phonon and plasma
damping. Therefore, the TO mode frequency is obtained directly from
the fit, whereas the LO modes are determined from the maximum of the
dielectric loss function.

In the PbTe doped with Si the pure LO-mode of the lattice is strongly
influenced by the plasmon mode of the free carriers, which causes ap-
pearance of a combined plasmon-LO phonon mode [12]. Consequently,
only coupled mode positions are observable in the experimental spectra
and the LO-modes are detectable only if the influence of the free carrier
is eliminated [13]. Therefore, in the analysis of far-infrared reflectivity
spectra of PbTe doped with Si we used the dielectric function that in-
cludes the interaction between LO phonon and a plasmon, i.e. the
plasmon-phonon interaction in its initial form [13, 15]. Namely, the
expression for dielectric function is
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The parameters ωlj and γlj in the first numerator represent the ei-
genfrequencies and damping coefficients of the coupled plasmon-
longitudinal phonon waves. The parameters in the first denominator
correspond to the similar characteristics of the transverse (TO) vibra-
tions. The second term in Eq. (2) represents l uncoupled modes of the
crystal. Consequently, ωLOp and ωTOp are the longitudinal and trans-
verse frequencies, whereas γLOp and γTOp are the corresponding
damping parameters. Therefore, the determination of LO-mode and
plasma frequency is connected with the decoupled procedure.

The far-infrared reflection spectrum at room temperature of the
PbTe single crystal doped with 1 at.% Si is presented in Fig. 1. The
experimental data are depicted with circles, whereas the solid line re-
presents the calculated reflectivity spectrum, which is obtained by the
fitting procedure that is based on the model for plasmon-phonon cou-
pling given by Eq. (2). In the fitting procedure, the modes characteristic

for this type of material are included, namely the pair of PbTe TO/LO
modes and the mode at about 73 cm−1, which is the PbTe Brillouin
zone edge mode. These modes are considered because the phonon
density of PbTe has a maximum at their frequencies [20].

Slight discrepancy between the theoretical spectrum and the ex-
perimental results in the frequency range at about 100 cm−1 (marked
by dashed lines) indicates the existence of the mode that corresponds to
the Si impurity. Fig. 2 shows the same spectrum as Fig. 1; however, in
addition to the modes considered previously, the fitting procedure
contains the Si impurity mode at about 90 cm−1. Note that lead tell-
uride grows with rather high concentration of native defects (vacancies,
etc). In the PbTe lattice Si is a substitute for Pb and as such is a sub-
stitution impurity ion. Consequently, every ion in PbTe is no longer in
the center of inversion symmetry and PbTe vibration modes could be
Raman as well as far-infrared active. The impurity mode can arise
simply because of the difference between masses and force constants of
the impurity ion and the ion of the host material [21]. Their appearance
can be caused by more complex mechanism of electron-phonon inter-
action [22]. When the semiconductor is doped with a substitution im-
purity [10] (in our case Si), and if the substitution takes place with the
atoms of the heavier mass (Pb), lighter impurity leads to two modes: a

Fig. 1. Far-infrared reflection spectra of PbTe single crystal doped with 1 at.%
Si. The spectrum obtained experimentally at room temperature is presented
with circles. The solid lines depict the calculated spectrum obtained by the
fitting procedure that is based on the model given by Eq. (2) where p=1.

Fig. 2. Far-infrared reflection spectra of PbTe single crystal doped with 1 at.%
Si. The experimental spectrum obtained at room temperature is presented with
circles. The solid lines are calculated spectrum with additional Si impurity
mode, obtained by the fitting procedure that is based on the model given by Eq.
(2) where p=2.
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local mode situated above the optical band and a gap mode situated
above the acoustic band and below the optical band of the host lattice.
The position of Si impurity mode in PbTe was estimated in the manner
described in detail in Ref. [23], namely with the expression

=ω Si ω PbTe M
M

( ) ( )I TO
Pb

Si (3)

where MPb and MSi are the masses of the atoms Pb and Si, respectively.
We did not manage to determine the set of parameters that provide

good spectrum overlapping in the whole range of frequencies.
Registered discrepancy between the experimental and the calculated
reflectivity spectra is obvious, and the new structure is observable
above 220 cm−1 In order to remove this discrepancy, Eqs. (1) and (2)
were extended to include the term [24]:
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where ω0, G, and ωloc are the characteristic frequency, damping, and
"strength" of the additional oscillator. According to Ref. [24], (ωloc)2 is
proportional to the Nloc carrier concentration at the localized level.

In Fig. 3 we compare the experimental results to the theoretical
spectrum at room temperature of PbTe single crystals doped with 1, 3
and 5.6 at.% Si, which take into account additional term described with
Eq. (4) in Eq. (2).

We obtained the value of ω0= 235±8 cm−1 as the result of the
best fit procedure. In the SiTe electron transition from the excited state
E to the ground state X exists in the range above 220 cm−1 [25]. It
seems that during the process of doping PbTe with Si, localization of
electrons occurs in the vicinity of Si impurity atom as a consequence of
the appearance of TeeSiTe clusters with cubic symmetry. As one can

see from Fig. 4, the "strength" of the oscillator connected with electron
transition increases with the increase of Si concentration.

In Fig. 5 characteristic spectra for plasmon-phonon interaction are
presented. Obtained results describe the relationship between the re-
sults obtained with Eq. (2) and those resulting from the traditional
approach described with Eq. (1). The solid lines represent coupled
frequencies, and as it was given in Ref. [13], the positions of the cou-
pled modes were defined as the solutions of Eq. (1) (Re{ε}=0). Dashed

Fig. 3. Far-infrared reflection spectra of PbTe single crystals doped with 1, 3
and 5.6 at.% Si. The experimental spectra obtained at room temperature are
depicted with circles. The solid lines are calculated spectra obtained by the
fitting procedure that is based on the model given by Eqs. (2) and (4).

Fig. 4. The "strength" of the oscillator described by Eq. (4) vs silicon con-
centration.

Fig. 5. The eigenfrequencies of the plasmon-LO phonon modes (full lines - Eq.
(1)); ● - eigenfrequency spectra ωlj obtained by procedure based on Eq. (2); □ -
calculated values for ωLO and * - experimentally determined values for ωTO.
Inset: plasma frequencies (ωP) vs. Si concentration.
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lines, obtained experimentally as the best fit, correspond to the well-
known values for PbTe LO and TO phonon positions [19]. As a result of
the best fit, using Eq. (2) with additional term given by Eq. (4), we
obtained the frequencies of coupled modes (ωl1 and ωl2), and then we
calculated the values for ωLOPbTe and ωP, as is described in Ref. [15].
The value for the ωLOPbTe obtained in this manner is in good agreement
with the literature. The characteristic parameters obtained as the best
fit are shown in Fig. 5. The plasma frequencies (ωP) dependence on Si
concentration is presented in the inset of Fig. 5.

As we already said, localization of electrons occurs in the vicinity of
the impurity, i.e. Si atom. Localization of electrons leads to the decrease
of electrical conductivity. Since the thermal and electrical con-
ductivities are proportional (Wiedemann-Franz Law), the decrease of
electrical conductivity causes the decrease of thermal conductivity.
Also, electrons localized around this impurity cause the localization of
phonons. Since phonons are responsible for heat transmission, their
localization also leads to the decrease of phonon thermal conductivity.
As it is well known, a good thermoelectric material must have low
thermal conductivity in order to retain the heat and to reduce the heat
transfer losses. This lead us to conclude that localization of electrons in
the vicinity of Si atom impurity makes PbTe doped with Si a good
thermoelectric material.

These results are very significant since they represent the basis for
investigation these effects in nanocrystals [26].

4. Conclusion

The far-infrared spectroscopy was employed to investigate phonon
properties of PbTe single crystal doped by 1, 3, and 5.6 at.% Si. The
spectra were analyzed using the dielectric function that takes into ac-
count the existence of plasmon-phonon interaction in advance. As a
result of the best fit procedure the two frequencies corresponding to the
coupled modes (ωl1 and ωl2) were obtained, whereas the frequency
values for LO mode (ωLO) and plasma frequency (ωP) were calculated.
In addition to the modes that are characteristic for this type of material,
we registered the Si impurity mode as well as the localization of elec-
trons in the vicinity of Si impurity atom.
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