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Far-infrared spectroscopy of PbTe doped with iron
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Far infrared reflection spectra, at room and liquid nitrogen temperature, of PbTe single
crystals doped with iron are presented. Plasma minima were observed at about 160 cm–1 and
180 cm–1 for room and liquid nitrogen temperature, respectively. Using the reflectivity dia-
grams and their minima, the values of the hole concentrations and their mobility at both tem-
peratures were calculated and compared with galvanomagnetic measurements. All these re-
sults indicated that when PbTe is doped with a small concentration of Fe, the hole concentra-
tion is reduced by one order of magnitude and the free carrier mobility is larger when com-
pared to pure PbTe.
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INTRODUCTION

In a number of scientific groups all over the world, special attention has been paid to in-
vestigationsof impuritystatesof IV-VInarrowgapsemiconductorsbasedon lead telluride.1–5

Lead telluride and lead-tin-telluride are well-known materials used for the production
of lasers and LEDs working in the IR and FIR ranges.6 Improvement of their properties
could be very useful for practical applications and this can be attained by doping.

The introduction of an impurity results in the appearance of a deep energy level with a
high density of states which exhibits quite unusual properties, such as Fermi level pinning,7

persistent photoconductivity,8 etc. The position of the impurity level has been studied for
various compositions, temperatures and magnetic fields for different alloys and dopants:
PbTe(B),4 PbTe(In), PbTe(Ga),9 PbTe(Cr), PbTe(Yb),10 PbTe(Pt),11 Pb1–xSnxTe(In, Ga),
Pb1–xMnxTe(In, Ga),12 PbTe(Ce).13

Doping IV-VI alloys with magnetic impurities provides a modification of the semi-
conductor energy spectrum in a magnetic field. Some dopants (Eu, Mn) modify the energy
spectrum of a host semiconductor material. They are most commonly used for the forma-
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tion of barrier spacers in IV-VI heterostructures, where the barrier parameters depend on
the magnetic field. Other impurities such as Yb and Cr form impurity levels in the proxim-
ity of the actual bands. In this case, the position of the pinned Fermi level may be tuned by
variation of a magnetic field. These results open new possibilities for the construction of a
magnetic field tunable photovoltaic infrared photodetector.

To the best of our knowledge, PbTe doped with iron has not yet been studied although
the effects of other transition metals (Cr, Yb and Pt) have been studied.

EXPERIMENTAL

A single crystal ingot of PbTe doped with Fe was grown by the classical Bridgman method using ele-
ments of high purity (6N) as source materials. The concentration of Fe in the melt corresponded to the doping
level of 3 at. % Fe. Freshly cleaved samples were used for reflectivity measurements. The content of iron in
each sample was determined by ICP and EDS analyses. The factor of segregation of Fe in PbTe was << 1, so
the majority of samples had a small content of Fe, between 0.026 at. % and 0.16 at. %. All samples were of the
p type. The far infrared reflection spectra at room, and liquid nitrogen temperatures, were measured using a
BOMEM Fourier Transform Spectrometer. Experimental reflectivity diagrams, measured at 300 K and 80 K,
versus the wave number, are given in Fig. 1 and Fig. 2 respectively. The content of iron in this sample, which
was located in the middle of the ingot, was about 0.04 at. %.

RESULTS AND DISCUSSION

The experimental reflectivity data were numerically analyzed. In both cases the pure
LO-mode of the host lattice is strongly influenced by the plasmon mode (�p) of the free
carrier. As a result, a combined plasmon-LO phonon mode should be observed. The nu-
merical analysis of the experimental data was done using the dielectric function which
takes into account the existence of a plasmon-LO phonon interaction:14
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The �lj and �lj parameters of the first numerator represent eigen frequencies and damping
factors of the longitudinal plasmon-phonon waves, respectively, which arise as a result of the
interaction of the initial modes. �t and �t are the frequency and damping factor of the transverse
phonon mode; �p is the damping factor of the plasmon, and �� is the high frequency dielectric
permittivity. The second term in Eq. (1) represents the local modes of the Fe impurity. In the
third term, which corresponds to uncoupled modes of the host crystal, �LOk and �TOk are the
longitudinal and transverse frequencies, �LOk and �TOk are damping factors.

Eq. (1) can be used in the case of paired coupled plasma-LO phonon modes to obtain
the frequencies of the experimental coupled modes (�l1, �l2). The values of �p, for room
and liquid nitrogen temperature, are obtained from Eq. (2):
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�l1�l2 = �p�t (2)

Then Eq. (3) is used to calculate the effective mass of the free carriers.
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P is the freecarrier concentration (hole inour sample);e is themagnitudeof theelectroncharge;
�0 and �� are the dielectric permittivity of vacuum and at the high frequency range where the
optical reflectivity was measured, respectively; m* is the effective mass of the free holes.

The literature reflectivity data given by Dixon and Riedl15 and Boss and Kinch16for p
type PbTe samples were used in this work. The values of the carrier concentration, and
their plasma wavelength values are given in Table I.

Using literature data, a diagram of P versus the plasma wavelength was constructed in a
log-log scale (Fig. 3). In this way, using this diagram and reflectivity minima at about 160
cm–1 for room temperature and about 180 cm–1 for liquid nitrogen temperature, the values of
the hole concentrations at the sample were determined as P80K 	 3
1017 cm–3 and P300K 	
2.4
1017 cm–3. Using these values, the room temperature and 80 K effective mass m300K 	
0.04m0 and m80K 	 0.033m0 were calculated. If these values are compared with literature
data for a pure p type PbTe, m* = 0.02 m0 for light holes and m* = 0.31 m0 for heavy holes, it
can be concluded that the carrier concentration for these samples was significantly decreased,
because the Fermi level was pinned in the valence band at the position of the light holes.
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Fig. 1. Room temperature reflectivity
spectra of a PbTe+Fe single crystal. Ex-
perimental results are presented by cir-
cles. The solid line is the theoretical
curve obtained by a fitting procedure us-
ing Eq. (1).



TABLE I. The values of carrier concentration and plasma wavelength values

Sample Reference Carrier concentration �cm-3� Plasma minimum wavelength �m�

A 15 3.5
1018 23.5

B 15 5.7
1018 20

C 15 1.5
1019 15

D 15 4.8
1019 9

E 16 3
1017 52.6

This can be explained by the displacement of the band edges of PbTe with tempera-
ture. In Fig. 4 (Ref. 17) the band edge structure of PbTe is given, where the inversion of the
valence band, at about 450 ºC, can be seen. The presence of two valence bands is obvious
and at low temperatures the light hole valence band is much nearer the bottom of the con-
duction band and at those temperatures the energy gap decreases.

This analysis could be extended using the following equations: 18
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Fig. 2. Reflectivity spectra of PbTe+Fe
single crystal at 80 K. Experimental re-
sults are presented by circles. The solid
line is obtained by a fitting procedure.



Using these equations, it can easily be determined that for �2�2 >> 1 and n2 >> k2.
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General diagrams for ��min = �(Rmin), when � � is a parameter, can be calculated

using the Moss et al. method18 and are given in Fig. 5.
Using this diagram, the values of ��min(300K) = 3.95, ��min(80K) = 8.96, and finally �300K

= 1.29 
 10–13 s, �80K = 3.4 
��–13 s have been determined. The mobility values for the free

carriers were calculated as p 	
e

m

�
�

, p80 	 181.38 cm2/Vs, p300 	 5485 cm2/Vs.

It is interesting to see the difference if PbTe is doped with some other transition met-
als. Mn and Cr are the nearest to iron in the periodic system. In both cases, the plasma fre-
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Fig. 3. Free hole concentrations P versus
plasma wavelength for PbTe.
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Fig. 4. The band edge structure of PbTe with inversion of the valence band at about 450 ºC.

Fig. 5. General diagrams for ��min =
�(Rmin) where �� is a parameter.



quency decreases when the content of either Mn or Cr is increased from a very low value to
about 0.2 at%. When PbTe is doped with Fe, the plasma frequency increases when the
temperature is decreased from room temperature, similar to the case when PbTe is doped
with Mn or Cr.

Numerical analyses of both the room temperature and 80 K reflectivity diagrams,
given in Figs. 1 and 2, were done using a fitting procedure of the experimental results with
the theoretical curve given by Eq. 1. The solid lines in Figs. 1 and 2 are calculated spectra
obtained by the fitting procedure. Some calculated parameters are given in Table II, where
�p is the plasma frequency, "gp" its damping factor and �� is the high frequency dielectric
permittivity.

The damping factor gp at 80 K is much smaller compared with the values for room
temperature. At the same time, the value of the high frequency dielectric permittivity in-
creases and the plasma frequency damping factor decreases with decreasing tempera-
ture. This is expected, judging by the much sharper reflectivity minimum when the tem-
perature is decreased. In the fitting procedure a transverse phonon frequency, at about 34
cm–1 was also determined (Ref. 20) then an oscillation of a weak intensity at about 84
cm–1 which belongs to a mode from the edge of the Brillouin zone. Alongitudinal mode
of pure PbTe at about 105 cm–1 was also obtained, which is in reasonable agreement
with the previously mentioned literature data.

TABLE II. Calculated parameters for PbTe doped with Fe

Temperature �p/cm-1 gp/cm-1 ��

300 K 162 45 21.9

80 K 181 25 25

The local mode of iron is observed at about 270 cm–1 only at 80 K and another fea-
ture at about 450 cm–1. The local modes for iron could belong to one of several electron
states: Fe2+, Fe3+ or Fe+. One can expect that the Fe+ electron state is a more stable state
than the metastable electron state Fe2+ or the empty state Fe3+. The position of the
pinned Fermi level is defined by the balance between Fe+ and Fe3+ charge impurity
states. We believe that the Fermi level is pinned near the top of the valence band and the
sample is p-type.

CONCLUSION

Single crystal samples of lead telluride doped with iron were made and the far infrared
reflectivity spectra were measured at room temperature and at about 80 K. Aplasma mini-
mum in both cases was observed at rather low frequency. It indicated that, when PbTe is
doped with Fe, the carrier concentration decreases. The calculated values for the hole con-
centration confirmed that the free hole concentration was by one order of magnitude
smaller for PbTe doped with Fe when compared with single crystals of pure PbTe.
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It is supposed that iron as a dopant behaves in a similar manner to the elements of the
IIIA group when PbTe was doped with In or B.

I Z V O D

OPTI^KA SVOJSTVA PbTe DOPIRANOG GVO@\EM U DALEKOJ

INFRACRVENOJ OBLASTI

P. M. NIKOLI]1, K. RADULOVI]1, D. VASIQEVI]-RADOVI]1, V. BLAGOJEVI]2,

B. MILOSAVQEVI]3 i Z. DOH^EVI]-MITROVI]4
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Beogradu, p. pr. 3554, 11120 Beograd, 3Insitut za bakar, Odsek za hemijsku i tehni~ku kontrolu, Bor i 4Insitut
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Prikazani su refleksioni opti~ki spektri za monokristalni olovo-telurid, sni-
mqeni u dalekoj infracrvenoj oblasti. Plazma-minimum posmatran je na oko 160 cm

–1

i 180 cm
–1

na sobnoj temperaturi i na temperaturi te~nog azota, respektivno. Koncentracije slo-
bodnih nosilaca – {upqina i wihove pokretqivosti izra~unate su za obe temperature
kori{}ewem refleksionih dijagrama. Dobijene vrednosti su upore|ivane sa galvanomagne-
tnim merewima. Dobijeni rezultati pokazuju da je koncentracija {upqina u PbTe dopiranom
malom koncentracijom Fe, smawena za red veli~ine i da je wihova pokretqivost ve}a u
pore|ewu sa ~istim PbTe.

(Primqeno 26. februara 2002)
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