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Single crystal samples of PbgeSno1Te doped with Yb, Sm or Gd were produced using the Bridgman method. Far infrared
reflectivity spectra were measured at room temperature for highly polished samples with various impurity concentration
(between 0.2 at% and 1 at %). The experimental diagrams were numerically analyzed using a fitting procedure based on
the plasma-phonon interaction model and the optical parameters were determined. The application of lead- tin tellurides
doped with rare earth elements for infrared astronomy has been discussed.
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1. Introduction

An interesting class of far infrared photodetectors
based on lead-tin tellurides doped with group Il impurities
is well known [1,2]. There the Fermi level becomes pinned
at a stable position. Also a persistent photoconductivity

effectin Pb,_,Sn Te doped with In is registered due to a

strong electron — lattice coupling in the system. Recently
the persistent photoconductivity effect was observed for
lead- telluride doped with Ytterbium [3]. So, again
PbSnTe doped with rare-earth elements is becoming
interesting as a possible group of semiconductors for the
production of far infrared high-performance PbSnTe-based
detectors. Lead telluride doped with rare earth elements
has been investigated for some time [4] with potential
advantages of certain elements as n-type dopants for lead
chalcogenides diode lasers grown by molecular beam
epitaxy. Donor like behavior of rare earth impurities in
PbTe was studied more recently [5] where the change of
free carriers mobility and Seebeck coefficient in PbTe
doped with La, Pr, Sm or Gd were interpreted by
invoking a band of impurity resonant status. The nature of
the donor action of Gd impurity in crystals of lead and tin
telluride was also studied [6].

In this work, far infrared reflectivity spectra of
PhgoSng . Te doped with Sm, Gd or Yb were measured at
room temperature and numerically analyzed enabling a
comparison of the influence of small amounts of different
rare earth dopants on the determined free carrier mobility
values.

2. Experimental

Single crystals of Pb,,Sn,,Te doped with a

starting composition of 2 at% Yb, Sm or Gd were
produced using the Bridgman method [7]. High purity
elements (6N) Pb, Sn and Te were used as the source
material and (3N) for Yb, Sm and Gd. It was found that
along the ingot the concentration of all three impurities
increased from the top to the end of each ingot. The
contents of each element were determined using EDS
analysis. Far infrared reflectivity spectra were measured
using a Bruker IFS 113 V spectrometer.

3. Experimental results and discussion

The room temperature reflectivity diagrams as a
function of the wave number, for single crystal PbSnTe
samples doped with (a): 0.7 at%Sm and (b): 0.2 at%Sm
are given in Fig. 1.

For these two diagrams a plasma minimum was
observed at about 235 cm™ and 330 cm™, respectively.
Here it was obvious that the plasma minimum moves
towards a higher wave number when the content of Sm is
lower.
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Fig. 1. The room temperature reflectivity diagrams of
single crystal PbSnTe samples doped with (a) 0.7 at%Sm
and (b) 0.2 at%Sm.
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Fig. 2. The room temperature reflectivity doped with (a)
0.3 at%Gd and (b) 0.8 at%Gd diagrams of single crystal
PbSnTe samples.

Similar was noted when PbSnTe was doped with Gd.
Fig. 2 shows two reflectivity diagrams, the first (a) for
PbSnTe doped with about 0.3 at% Gd which has a plasma
minimum at about 330 cm™ and the second one (b) with a
higher impurity concentration (= 0.8at%Gd ) where the
plasma minimum is at a lower wave number

(= 280cm™).
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Fig. 3. The room temperature reflectivity diagrams of

single crystal PbSnTe samples doped with 0.2 at%Yb
and (b) 0.6 at%Yb

When PbSnTe was doped with Yb it was contrary.
For a sample doped with 0.2 at% Yb the plasma minimum
was at about 180cm™ while for the sample with about 0.6
at% Yb the plasma minimum was at about 300cm™. That
is shown in Fig. 3.

Generally speaking, one can even now notice that our
PbSnTe samples doped with all three rare earth elements
have plasma minima at rather low frequencies compared
with undoped literature PbSnTe samples [8].

All experimental results were numerically analyzed
using a modified four parameter model for the dielectric
function [9] which takes into account that in our case the
pure longitudinal —-LO modes of the lattice are strongly
influenced by the plasma mode of the free carriers [10].
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The @y and y; of the first numerator represent the

eigenfrequencies and damping factors, respectively of
longitudinal plasmon LO phonon waves, which arise as a
result of the interaction of initial modes. The parameters of
the first denominator correspond to transversal (TO)

vibrations, while 7 is the damping factor of plasma. ¢,
is the dielectric high frequency permittivity. The second
term in the Eq.(1) refers to the impurity modes, where

@,, and @, are -characteristic transverse and

longitudinal wave numbers, respectively; y,,and y, , are
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their damping factors;
longitudinal and transverse wave numbers and y,, and

W orand  wro are the

Yok are the damping factors of uncoupled modes the
host crystal.

Reflectivity spectra were observed down to 50cm™ so the
transversal phonon mode @, at room temperature was
taken from literature [11] to be 32cm™. The plasma wave

numbers were determined using the following equation
[10]:

W, * Q)
w, =——=% . )
.

z

The starting values of all parameters, for the fitting
procedure were previously determined using Kramers-

Kronig analysis. The starting values of & were
calculated using the equation

1+\/K i

g, = 3)
1-JR,,
Where R is the experimental value of reflection

coefficient on the upper limit of the wave number
measured interval. As an example a fitted curve for FIR
spectrum of sample PbSnTe doped with 0.22 at% Yb is
given in Fig. 4.
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Fig. 4. Fitted curve for FIR spectrum of sample PbSnTe
doped with 0.2 at% Yb. The full line is the fitted curve.

The optical free carrier mobility for all studied
samples of PbSnTe doped with Sm, Gd and Yb were
calculated using the method of Moss et al [12] and are
given in Table 1.

Table 1. The optical free carrier mobility for samples of
PbSnTe doped with Sm, Gd and Yb

PbSnTe

sample 0.2at |0.7at% | 0.3at% |0.8at% | 0.2at% |0.6at%

doped %Sm |Sm Gd Gd Yb Yb

with

w,(cm™)

P 298 |213 310 251 170 274
2

R P e e

Looking at Table 1, one can see that the samples with
the higher concentration of Sm and Gd (0.7at%Sm and
0.8at%Gd, respectively) have the lowest plasma frequency
at 213cm™ for Sm and at 251 cm™ for Gd. On the contrary
when PbSnTe was doped with 0.6at% and 0.2at%Yb the
plasma frequency decreased from 274cm™ to 170cm™. For
all samples from Table 1 the values of optical free carrier
mobility were higher for lower values of plasma
frequency. The results from Table 1 could be compared
with literature data for pure PbSnTe alloy [8] where room
temperature free carrier optical mobility is only about
300cm™. This means that the quality of our PbSnTe
samples doped with all three rear-earth elements: Yb, Sm
and Gd was improved significantly. The reason for similar
behavior of these three rare earth impurities in PbSnTe
should be very similar electronic structure of ionized states
between Sm, Gd and Yb which is shown in Table 2. The
sources of ionization of these three elements are not 5s and

5p orbits. They are at 4f °6s? in Sm, 4f "and 4f™* in Gd
and Yb respectively. Beside that, 55 and 5p shells are
above the 4f ones.

Table 2. Electronic structure of ionized states of Sm, Gd

and Yb.
3
El. | Nonionized etl e*? e’
6. 8 4558 Hg )
sm | 4t%6s2(Ry) | 4f%6sCryp) | 4f8(TRy) 52
Gd | 4F75d6s2(°Dy) | 4f75d6s(Dsy)| 4f75d(*Dy)| 4f7 (D7
14,2 43F; )
Yb | aifes?(lsg) | 4f%es(PSyn) | fH4(sy) /2

So, when the lead-tin tellurides are doped with rare
earth element in a concentration exceeding the
concentration of the other impurities, Nim,, the Fermi level
becomes pinned at some definite position. This
phenomenon is usually due to the energy band modulation.
There are several theoretical approaches which can help in
understanding the nature of impurity states in PbSnTe
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alloys. For instance Ahmad et al recently considered the
problem of deep defect states (DDS) in narrow band gap
semiconductors with large electronic permittivity such as
PbTe [13, 14]. Ahmad et al. [15] also studied the
electronic structure of defects in PbTe which could help in
further consideration of energy states of rare earth ions in
narrow-gap PbSnTe semiconductors. One should also
mention one previous paper about mixed-valence state in
narrow-gap IV-VI semiconductors with rare earth ions
[16] which could also help in studying this problem. It has
been shown in the literature [17] that application of lead-
tin tellurides doped with the group Il impurities as base
elements for the infrared photodetectors gives an
important opportunity to produce universal and sensitive
systems which have a number of advantageous features.
Similarly, relatively high density of impurity
photodetectors based on PbSnTe doped with rare earth
would produce high stability of these devices with respect
to the action of hard radiation, for example in infrared
astronomy.

4. Conclusion

In this work, as far as we know, for the first time far
infrared  reflectivity —spectra of single crystals

Pb,,Sn,,Te doped with various percentages of Sm, Gd

and Yb were measured. The experimental spectra were
numerically analyzed and it was shown that at room
temperature optical free carrier mobility was several times
higher compared with the literature data for pure PbSnTe
alloys. This means that PbSnTe doped with an optimal
concentration of rare earth could be used for production of
infra red detectors in modern astronomy with improved
characteristics.
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