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Abstract Single crystals of lead telluride doped with Nd
were synthesized using the Bridgeman method. Room tem-
perature far infrared reflectivity spectra were measured for
PbTe samples with Nd content in the range 0.2-0.9 at.%.
Optical reflectivity in the far infrared range was measured in
the temperature range between 10 and 300 K for a highly
polished PbTe sample with 0.6 at.% Nd. The experimental
diagrams were numerically analyzed with a fitting procedure
using a modified plasmon—phonon model. Two local modes
were noted and their origin was discussed. Optical electron
mobility was calculated for all analyzed samples.

Introduction

Lead telluride is a well-known narrow band gap semicon-
ductor used mainly for the production of lasers, infrared
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detectors [1], and even thermoelectric devices [2]. Trans-
port and optical properties of PbTe depend on the deep-
defect electronic states in the neighborhood of the band gap
[3]. Doping PbTe with different impurities has resulted in
diverse effects. Extensive experimental and theoretical
studies have been conducted of PbTe doped with group-III
elements, such as In, Ga, B, or Tl [3—6]. Doping with In or
Ga lead to the Fermi-level pinning effect and the persistent
photo-conductivity effect or in the case of Tl supercon-
ductivity [3, 6]. Other dopants, such as transition metals
Mn, Cr, Ni, and Fe [7-10] have also been studied. Physical
properties and possible applications of lead telluride doped
with rare earth elements are the subject of many current
studies [11, 12]. When some lead ions are substituted with
paramagnetic ions (like for example, Eu**, Gd**, Yb*")
IV-VI semiconducting compounds (PbTe, PbSe, etc.)
become diluted magnetic semiconductors (known also as
semimagnetic semiconductors) [13-15]. Lead telluride
doped with rare earth metals exist in the NaCl face cen-
tered cubic crystal structure that is the same structure as
pure PbTe. For rare earth impurities the energy of elec-
tronic states depends primarily on the Coulomb interaction
between the f electrons of the solute [16]. The mixed
valence behavior of the dopant is dependent on the energy
gap and the Fermi level position depends on the carrier
density. Weaker coupling between solute and host states
could have a significant effect on the valence state of the
rare earth impurity if the energies of corresponding energy
states are low.

Far infrared properties of PbTe doped with Sm [17],
Ce [18], Yb [19], and Gd [20] were recently examined in
the temperature range 10-300 K. The dopant concentration
of Sm and Ce was 0.5 at.%. The determined room tem-
perature optical mobility of free electrons increased
with decreasing amount of dopant and thus was about
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7200 cm*/V s for PbTe + 0.2 at.% Yb and 2400 cm?/V s
for PbTe + 0.5 at.% Yb [19]. Thus, smaller amounts of
dopant could be expected to result in increased free elec-
tron/hole mobility in the resulting sample. Alekseeva et al.
[12] also noted higher values of free electron mobility for
smaller dopant concentrations, though they investigated the
range 0.5-1 at.% La and Pr, 2 at.% Gd, and 5 at.% Sm. In
the literature, it was shown that the optimal concentration
of Cr in PbTe was 0.2 at.% [8] and also for Ga in PbSnTe
[4]. We also obtained high free electron mobility values for
0.2 at.% of Fe [10] and Gd [20] in PbTe.

In the present paper far infrared spectra for PbTe doped
with 0.2-0.9 at.% Nd were measured and numerically
analyzed.

Experimental procedure

Single crystal ingots of PbTe doped with the starting com-
position of 2 at.% Nd were grown using the standard
Bridgman method [21]. High purity elements (6 N) were
used as the source material. Samples were cut or cleaved
from the ingot and then highly polished before they were
used for measurements. X-ray diffraction analysis of sam-
ples proved they were single crystal. The content of Pb, Te,
and Nd in each sample was determined using EDS analysis.
Along the ingot, the concentration of Nd increased from the
top to the end of the ingot. This enabled cutting of samples
with different contents of Nd. Far infrared reflectivity
spectra of a PbTe sample doped with 0.6 at.% Nd were
measured in the temperature range between 10 K and room
temperature using a Bruker IFS-113V spectrometer equip-
ped with an Oxford Instruments cryostat. Room temperature
far infrared reflectivity spectra were measured on PbTe
samples with Nd content in the range 0.2-0.9 at.%. All
samples were determined to be of the n-type.

Experimental results and discussion

The measured far infrared spectra of single crystal PbTe
doped with 0.6 at.% Nd in the temperature interval 10—
300 K are shown in Fig. 1. A relatively sharp dip at wave
numbers between 150 and 180 cm ™" was observed for each
temperature. It is less pronounced only for room temper-
ature. For that temperature, the plasma minimum is at the
lowest wave number and it gradually moves toward higher
wave numbers when the temperature decreases. A peak at
about 220 cm™' was observed for the reflectivity spectra
measured at 10 K. With increasing temperature, it became
less noticeable and it was still clearly observed at about
213 cm™! for the reflectivity spectra measured at 110 K.
This peak is regarded as a local impurity mode.
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Fig. 1 Reflectivity spectra of PbTe + 0.6 at.% Nd at temperatures
between 10 and 300 K
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Fig. 2 FIR spectra of PbTe doped with 0.2-0.9 at.% Nd measured at
300 K

Figure 2 shows measured room temperature infrared
spectra of single crystal PbTe doped with 0.2-0.9 at.% Nd.
For lower Nd concentrations (in the range 0.2-0.3 at.%),
the plasma minimum has shifted to lower frequencies of
around 120 cm ™' and another local mode can be noted at
about 150 cm ™!, that was not noticeable for samples with
Nd content in the range 0.5-0.9 at.% as their plasma
minimum was in the range 144—150 cm™'.

All experimental results were numerically analyzed
using a modified four parameter model for the dielectric
function [22] which takes into account that in our case the
pure longitudinal-LO modes of the lattice are strongly

@ Springer
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Table 1 Calculated optical parameters for PbTe doped with 0.6 at.% Nd in the temperature range 10-300 K and PbTe doped with 0.2 at.% Nd

(all values except 7, K and ¢, are given in em™")

0.6 at.% Nd 0.2 at.% Nd

T: 10 30 50 90 110 130 200 300 300
o1 145.0 145.0 145.0 145.0 145.0 145.0 145.0 145.6 144.7
Yot 2153 1414 1758 1276 808 692 965 968 26
Wy 175.0 176.0 173.0 170.0 167.0 164.0 157.0 139.0 148.0
VLI 141 140 153 145 145 134 132 175 48
W2 220 219 217 214 2134 212.7 209 207 207
Yoz 19.8 22.7 24.7 26.7 34.2 38.0 57.6 13.9 419.7
[} 227.5 227 227 227.5 227 227 227 227.5 227.6
YL2 136 138 131.6 118.2 119 124 151 400 603.8
£oo 33.0 32.6 32.0 31.6 31.0 31.0 30.5 30.0 30.5

influenced by the plasma mode of the free carriers [23].
Details of this modified model are given in our previous
work [17, 19]. The values of some calculated optical
parameters are given in Table 1 for two Nd concentrations
in PbTe, 0.2 at.% at room temperature (300 K) and 0.6
at.% in the temperature range 10-300 K. The impurity
local modes are denoted as wy; and wy, and w;;, w;, are
their longitudinal optical modes; Yo7, Y02, Yr1> Y12 are their
damping factors, respectively and ¢, is the high frequency
dielectric permittivity. One can see that at room tempera-
ture the damping factors for the two local impurity modes
differ for the two different Nd concentrations, i.e., the
lower frequency mode at about 145 cm ™' has much lower
damping factors for the Nd concentration of 0.2 at.% where
this mode is noticeable in the measured diagram than for
the Nd concentration of 0.6 at.% where this mode is
obscured by the plasma minimum. The higher frequency
local mode at about 207 cm™' was most clearly noted at
10 K (Fig. 1), and its damping factors are higher for the Nd
concentration of 0.2 at.%. Table 2 gives determined values
from room temperature far infrared spectra for the plasma
frequency w,, and p, optical mobility of the majority free
carriers for different Nd concentrations. The optical elec-
tron mobility was calculated using reflectivity diagrams
and the method of Moss et al. [24]. One can see that the
calculated plasma frequency value is somewhat lower for
lower Nd concentrations. This is in accordance with

Table 2 Plasma frequency and free carrier optical electron mobility
for n-type PbTe doped with 0.2-0.9 at.% Nd

Dopant concentration, at.% Wy, cm™! s cm?/V s
0.2 112 6519
0.3 113 6340
0.6 131 2648
0.9 143 1940

@ Springer

previously noted changes in the position of plasma mini-
mum for samples doped with 0.5 and 0.2 at.% Yb, where
the plasma minimum decreased from 160 to 120 cm™'
[19]. Similarly, the determined optical electron mobility
values increase for lower Nd concentrations starting with
1940 cm?/V s for 0.9 at.% Nd to 6520 for 0.2 at.% Nd. The
calculated values for the plasma frequency w;, and damping
factor y, for PbTe + 0.6 at.% Nd versus temperature are
given in Fig. 3. The damping factor is about 20 cm™' at
10 K and decreases when the temperature increases
reaching 19.15 cm™' at 110 K and then increases with
temperature reaching about 40 cm™' at 300 K. Such a
change of y, was also noted for PbTe samples doped with
Yb [19] and Ga [S5] where the persistent photoconductivity
effect was registered. The critical temperature, where the
damping factor starts to increase with temperature, in our
case is T, ~ 110 K. In Fig. 4, the change of optical
mobility of free carriers in PbTe doped with 0.6 at.% Nd is
given versus the temperature. It is the highest at low
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Fig. 3 Change of plasma frequency and damping factor as a function
of temperature for PbTe doped with 0.6 at.% Nd
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Fig. 4 Change of free carrier optical electron mobility versus
temperature for PbTe doped with 0.6 at.% Nd

temperatures, about 7800 cm?/V s, reaching a maximum of
7900 cm?/V s at 110 K. Then, it starts to decrease down to
2638 cm?/V s at room temperature when the temperature
increases. This value is high compared to the room tem-
perature value for pure single crystal PbTe (1730 cm?/V s)
[25]. In Table 2, one can see that for PbTe doped with 0.2
at.% Nd at room temperature the optical mobility is
6519 cm?/V s, almost four times higher than for pure
PbTe. This is similar to the value obtained when PbTe was
doped with 0.2 at.% Yb [19].

Thus, doping with rare earth elements improves the free
carrier mobility of PbTe, relatively low amounts of dopant
need to be used and they vary depending on the element
used. The optimal concentration is about 0.2 at.%. A
similar conclusion was made when PbTe was doped with
Ga [4] and even Cr [8].

Two local modes for n-type PbTe doped with different
rare earth elements were observed in this work for Nd, and
in previous work for Yb [19], Gd [20], and p-type PbTe
doped with Sm [17] and Ce [18]. Two charge states were
also noted for Yb in PbTe from two-photon absorption
measurements [26], EPR [27] and magnetic measurements
[28]. Knowing that Nd-like Ce and Yb has two electrons in
S5s and 6s shells and six electrons in the 5p shell according
to Samsonov [25] the source of ionization of Nd is 4f6s>
(°J,) with ionized states e' T-4F*6 s (°J5)); e T-4f* (°1,)
and e*T-4f> (*Jo). In [28], it was shown that a smaller
fraction of Yb in the magnetically active charge state Yb> "
with most Yb ions in the nonmagnetic Yb*" state were
present in p-type Pb;_,Yb,Te (y ranged between 0.03 and
6.5 mol.%). In our case, the dopant concentrations are low,
so we can expect rare earth ions in both valence states.
Though not so common, mixed valence of Nd has been
noted [29]. Thus, Nd enters the PbTe lattice in two charge
states: neutral (2+) and as a donor (3+). The lower

frequency local mode is assigned to the ion in the neutral
charge state (**), while the higher frequency local mode is
assigned to the donor charge state (°1). In the case of PbTe
doped with 0.6 at.% Nd the Nd** local mode was stable at
low temperatures (calculated to be at 145 in the range 10-
200 K and very slightly higher—145.6 at room tempera-
ture), while the Nd** local mode shifted from 207 to
220 cm™ " in the temperature range between 300 and 10 K.
Similar changes were noted for n-type PbTe doped with 0.5
at.% Yb [19] where the assigned Yb>" local mode was
stable at 156 cm™ " in the temperature range 10-300 K and
it did not change for lower Yb concentration. The mode
assigned to Yb>" shifted from 247.5 to 297.8 in the tem-
perature range 300—10 K [19]. This shift in modes at low
temperatures was not noted for p-type PbTe doped with
0.5 at.% Sm [17] and 0.5 at.% Ce [18].

Doping PbTe with group-III elements such as In or Ga
leads to the Fermi-level pinning effect. Formation of
analogous impurity states was noted for PbTe doped with
Yb [26] where this rare earth element substituted Pb>*
ions. While for In the Fermi-level pinning effect results
from valence switching between In* and In®", this is not
the case for rare earth elements. EPR data have shown that
Fermi level pinning in the case of doping with rare earth
elements, such as Yb or Gd occurred as switching of the
impurity valence, i.e., Yb>™=Yb>" [14, 20, 27]. Also, the
position of the pinned Fermi level did not depend on
dopant concentration of the group-III element (In), but in
the case of Yb (rare earth element) the Fermi-level strongly
depended on the dopant concentration [7]. For low dopant
concentrations (Yb), the Fermi-level was pinned below the
top of the valence band. In p-type Pb;_,Yb,Te [27], the
free hole concentration and mobility depended strongly on
the alloy composition, i.e., the amount of dopant used. For
lower dopant concentrations, the Fermi level was noted
about 40 meV below the valence band edge, with increased
dopant concentrations it shifted toward the valence band
edge [27]. This was explained by the formation of a reso-
nant impurity level that depends on the dopant concentra-
tion. For low dopant concentrations filling of the valence
band take place, due to the donor activity of the rare earth
element (Yb), thus a fraction of Yb ions is in the Yb3t
charge state until the Fermi level is pinned by the impurity
level. Higher dopant concentrations lead to movement of
the impurity level into the forbidden band and increase in
the concentration of native defects. Acceptor activity of
these native point defects compensates for donor activity of
the dopant element, but the rate of native defect formation
did not follow the rate of increase in Yb concentration.
Thus, for higher Yb concentrations most Yb ions were
present in the neutral, nonmagnetic Yb>" state.

Thus, for the studied very low concentration of rare
earth impurities in PbTe and their donor-like behavior in
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PbTe [12] one can say that impurity atoms first fill the
vacancies of Pb in the lattice. Optical reflectivity mea-
surements can register local impurity modes whose posi-
tion, among other things, depends on the type of impurity
element, the dopant concentration and the impurity center
charge. The theory of mixed valence state in PbTe narrow
gap semiconductors might take into account better the
peculiarities of the wave functions and energy spectrum of
this compound doped with rare earth elements [16].
Anharmonic electron phonon interactions could be con-
sidered to play a principal role in PbTe doped with rare
earth elements [30]. These interactions near low tempera-
ture phase transformations in semiconductors could be
investigated using third-order nonlinear optical methods
[26].

Conclusion

In this work, far infrared reflectivity spectra of n-type PbTe
doped with 0.6 at.% Nd were measured in the temperature
range between 10 and 300 K and numerically analyzed. A
strong plasmon—phonon interaction was observed and also
two impurity local modes—one stable at 145 cm ™" and the
second at 207 cm ™' at room temperature increased to about
220 cm™ "' at 10 K. Room temperature far infrared reflec-
tivity spectra were measured of PbTe samples with 0.2-0.9
at.% Nd.

Two local modes were noted in all samples. The
determined values of optical electron mobility of free
carriers for all samples were high compared to pure PbTe.
They depended on the rare element concentration. The
highest values were obtained for the dopant concentration
of 0.2 at.%. This means that PbTe doped with an optimal
concentration of rare earth can be used for making
infrared devices in modern astronomy with improved
characteristics.
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