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Abstract

Far-infrared reflection spectra of indium doped PbTe single crystal as well as of Pb,_ A Te alloys (A, =Mng,,;
Sn, 3) in the temperature range between 10 and 300 K are presented. Analysis of the spectra was made by a fitting
procedure based on the model of coupled oscillators. At temperatures below T = 200 K, two additional modes appear, along
with the modes which describe strong plasmon—-LO phonon coupling. The first mode, at about 122 cm ™', is a local impurity
mode of indium which represents a population of metastable states due to the transfer of electrons from two-electron to

one-electron metastable impurity states. The second mode at about 488 cm ™! we believe to appear as a consequence of the
electron transfer from a stable impurity two-electron state to the conduction band.

PACS: 72.15.Gd; 71.28. + d; 78.50.Ge; 63.20.Pro

1. Introduction

Semiconductor alloys of type A'VBY' doped with
the group III elements (In, Ga, TI) have been the
subject of intensive research for the past two decades
[1-4]. Particular attention has been paid to alloys
doped with indium because of a number of interest-
ing phenomena (persistent photoconductivity effect
[5], long-term relaxation processes [6], Fermi level
pinning effect [7]). Namely, the introduction of in-
dium into the solid solution Pb,_ A Te (A= Sn,
Mn) leads to the formation of an impurity level in
the energy spectra of the alloy. If the concentration
of indium is higher than the concentration of other
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impurities, then it leads to the Fermi level pinning at
the impurity level [7]. With PbTe(In), the impurity
level appears at about 70 meV above the bottom of
the conduction band [5]. With an increase in concen-
tration of SnTe, or MnTe in PbTe, the impurity level
(and the Fermi level pinning) is shifted from the
conduction band, first to the forbidden band, and
then to the valence band. The metal-semiconductor
transition for Pb,_,Sn Te(In) [5] is at x = 0.22, and
for Pb,_,Mn Te(In) [3] at x = 0.05.

Because of the high concentration of free carriers
[1], optical properties of these alloys have been
investigated mainly on thin films {8,9]. For
Pb, ;5Sn,,sTe(In) [8], the plasma frequency de-
creases with the lowering of temperature to a critical
value 7,=25 K, and below T it increases with
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further decrease of the temperature. This unusual
behavior is connected with the persistent photocon-
ductivity effect [5].

In our earlier papers we analyzed the reflection
spectra, in the far-infrared region, of the single crys-
tal samples Pb, ;5Sn,,;Te doped with 0.5 and 1.2
at% In, and Pby,Mn, Te doped with 0.5 at% In
[10-12]. In these samples the Fermi level stabiliza-
tion pinning occurs in the forbidden band. Analysis
of the spectra was performed by means of a classical
dielectric function with one added oscillator. In addi-
tion to the already known characteristics of the basic
crystal [13], the existence of a local In-impurity
mode was confirmed. This mode, as discussed in
Ref. [12], represents a population of metastable states
due to the transfer of electrons from two- to one-
electron metastable impurity states. The formation of
an energy barrier between the impurity states repre-
sents a condition for the appearance of the persistent
photoconductivity effect and the long-term relaxation
process. This mode was also registered in the Raman
scattering spectra of PbTe(In) [14]. By extending this
study to infrared reflection spectra of PbTe(In),
Pbgs,Sn,,5Te(In) and Pbgee;Mngq,,Te(In) single
crystal samples, in which the Fermi level is in the
conduction band, we expect to get a complete picture
of the In impurity states in PbTe based alloys.

2. Experiment

Single crystal samples of PbTe + 0.4 at% In,
Pb, 4,80 5Te + 0.3 at% In, and Pbg g3;Mn ;Te +
0.2 at% In were grown using the Bridgeman tech-
nique. Details on the growth techniques can be found
in Ref. [5].

A Bruker IFS 113v spectrometer with an Oxford
cryostat was used to measure the far-infrared reflec-
tion spectra at low temperatures.

3. Results and discussion

The far-infrared reflection spectra of the indium
doped PbTe single crystal sample and Pb,_, A Te
(A Mn,,,; Sn, ) alloys are shown in Figs. 1-3.
The experimental data are represented by circles.
The solid lines were obtained using a modified fac-
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Fig. 1. Far-infrared reflection spectra of PbTe(In) single crystal.
Experimental spectra are represented by circles. The solid lines
are the calculated spectra obtained by a fitting procedure based on
the model given by Eq. (1). Dashed vertical lines denote the
position of w,; at 122 and 488 cm ™!,

tored dielectric function model of coupled plasmon—
LO phonon modes [11,15]:
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where w;, and ;, represent the frequency and damp-
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ing of the coupled plasmon-LO phonon modes; w,
and v, are the frequency and damping of the trans-
verse phonon mode; y, denotes the damping of
plasmons and ¢, is the high-frequency dielectric
constant. w;, and wgy are the longitudinal and
transverse frequencies, and y;, and y;, stand for
the dampings of uncoupled modes of the host crystal.
The second term in Eq. (1) represents an In-impurity
local mode and a mode that describes electron trans-
fer from a stable two-electron state to the conduction
band, to be discussed later. The characteristic param-
eters for the best fit of the model with the experi-
mental results are shown in Figs. 4-6.

The oscillators denoted by j= 1, 2 in Eq. (1) are
the dominant structures in the far-infrared spectra
and represent the positions of the coupled plasmon-
LO phonon modes. The frequencies of these modes
(@, ) are marked by arrows in Fig. 1. The transverse
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Fig. 2. Experimental (circles) and calculated (solid lines) far-in-

frared reflection spectra of PbgggsMng g ,Te(In) single crystal.

Dashed vertical lines denote the position of w;; at 122 and 488
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Fig. 3. Measured (circles) and calculated (solid lines) far-infrared
reflection spectra of Pbgg,Sn, Te(In) single crystal. Dashed
vertical lines denote the position of w; at 122 and 488 cm™'.

phonon frequency w,, determined at about 34 cm™'
is in good agreement with the literature [13].

An oscillator of a weak intensity, at about 70
cm™! (the second member in the product), is a mode
from the edge of the Brillouin zone, because the
phonon density of PbTe [16] has a maximum at that
frequency. This mode is already observed in many
PbTe based alloys [11,12,17].

In Fig. 4, the points refer to the eigenfrequency
spectra w;; obtained by Eq. (1). The values for w4
and w, were determined as described in Ref. [15].
The temperature change of w; is shown in the inset
of Fig. 4. The plasma frequency w, increases as the
temperature decreases, being a consequence of the
appropriate change in the free carriers concentration
of these alloys when the Fermi level is pinned in the
conduction band [5,6). The value obtained for w0
(104 cm™!) is in agreement with the values found in
the literature [13].
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Fig. 4. The eigenfrequencies of the plasmon-—phonon modes.
Inset: Plasma-frequency—temperature dependences for three dif-
ferent samples.

The solid lines in Fig. 4 are obtained by applica-
tion of [18]:

wl=3(wd+ok) + [H(ed +wl) —wie?] .

(2)
The agreement of the plasmon-LO phonon mode
frequencies calculated on the basis of Eq. (2) with
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Fig. 5. Temperature dependence of the damping of plasmons yp.
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Fig. 6. Temperature dependence of normalized ‘strength’
0loc(T)/ wioe(0) of the additionally introduced oscillator at
@, =122 cm™!. Inset: Temperature dependence of ‘strength’
oloc, of the additionally introduced oscillator at w,, = 488
cm™'. Bars are absolute error values of wlqc(T)/wioc (0
obtained during the fitting procedure.

the experimentally determined ones is very well. In
this manner it is shown that the dielectric function,
Eq. (1), can be used in the case of paired coupled
plasmon-LO phonon modes, to obtain the frequen-
cies of coupled modes from the experiment, and then
to calculate the values for w;, and wp.

Fig. 5 illustrates the temperature dependence of
the plasmon mode damping vy, for PbTe(In),
Pbg g3Mn o, Te(In), Pbgg,Sny 5 Te(In) and Pby -
Mn, Te(In) [12] samples. Decrease in temperature
up to T=25 K lowers the y, value, valid for all
samples. Further decrease in temperature leads to an
increase in yp. Such a change in vy, is characteristic
for all PbTe based alloys doped with In and Ga
where the persistent photoconductivity effect is reg-
istered [4,8,11,12]. The critical temperature T, = 25
K, determined in the way described, is in accordance
with the results of the galvanomagnetic [1,3,5] and
optical measurements [8,10-12].

At temperatures below 7= 200 K (PbTe(In) and
Pb,_.Mn,Te(In)), or T= 100 K (Pb,_,Sn Te(In)),
a new structure is observed (local maximum at about
122 cm™!) in the reflection spectra (Figs. 1-3). In
order to describe the structure, an oscillator is added
to the dielectric function of Eq. (1), at these tempera-
tures, with characteristic frequency w,, damping G,
and ‘strength’ @, of the additional oscillator. The
characteristic frequency (w,, = 122 cm™') remains
unchanged with the change in temperature, alloy
content, and the In concentration, while the oscillator
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strength falls abruptly at temperatures higher than
T.,=25K.

Since the additional mode is of the same fre-
quency for all reflection spectra, independent of the
position of the Fermi level and content of the alloy,
we conclude that this structure exhibits the same
nature in all alloys and represents the impurity mode
of indium.

On the other hand, due to a sudden increase in
strength of the additional oscillator at temperatures
lower than 25 K (Fig. 6), this mode represents a
population of metastable one-electron impurity states
due to the transfer of electrons from the stable
two-electron state to the metastable one-electron state
[14], which is discussed in more detail in Ref. [14].

Similar results were reported in our previously
published papers [4,10-12] for the reflection spectra
of lead—telluride-alloys doped with In and Ga with
the impurity level in the forbidden band. In all cases,
the appearance of a new structure is registered at the
same frequency.

The population of these states is determined by
the balance between photo excitation and recombina-
tion. We suppose that the main mechanism of recom-
bination, at temperatures near and below T, is the
thermal activation through the barrier E, (see Fig. 7)
which separates the stable from the metastable states.
To make it simple, we assume that E, does not
change with the temperature (other cases of the
position of barriers are discussed in Ref. [12]). Since
the strength of the oscillator is proportional to the

E;
Ep

Q

Fig. 7. Configuration coordinate diagram for indium in PbTe
based alloys when the Fermi level is pinned in the conduction
band.

population of the metastable states, the following
temperature dependence can be proposed [12]:

wloc(T) =‘°12_oc(0)(1 "%C_E"/”) (3)

The solid line in Fig. 6 was obtained by Eq. (3).
Agreement of the experimental values and the pro-
posed simple model at lower temperatures is rather
good. Also, the value obtained for E, is independent
of the alloy content and indium concentration, and
amounts to E, = 1.6 meV. This value is lower than
the values obtained up to now [11,12] in accordance
with our expectations, since the effect of persistent
photoconductivity in these alloys (in direct propor-
tionality with E,) is quite weaker comparing with
the systems with the Fermi-level pinning inside the
forbidden band.

In the reflection spectra (Figs. 1 and 2), at about
488 cm~! and temperatures below 7= 200 K, a new
structure is observed. To describe this structure we
added one more oscillator, shaped as in Ref. [19], to
the dielectric function. The characteristic frequency
of this oscillator is independent of the alloy content
and temperature (wg, = 488 cm™'). This, as before,
leads us to conclude that the nature of this additional
oscillator is connected with the characteristics of In
in these systems.

As known, the neutral state of indium in the
lattice (In*) is unstable [2] and according to

2In** = In* + In®*

transfers to the two-electron stable state (In™), which
is energy-wise more favorable than the metastable
single-electron (In’*) and the state of the empty
center (In**).

Electrons from the In™ state transfer into the
conduction band according to

In*— In** + 2e.

According to Ref. [2], the energy change at the
impurity center is AE, =60 meV. Since such a
predicted energy is very close to the experimentally
determined one (61 meV), we believe that this oscil-
lator is a result of the electron transfer from the
two-electron impurity state to the conduction band.
In favor of this is the fact that the intensity of this
oscillator increases as temperature decreases (see
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inset in Fig. 6). As a consequence, there is an
increase in the free carriers concentration, which is
experimentally confirmed.

4, Conclusion

In this paper we have shown the far-infrared
reflection spectra of indium doped PbTe single crys-
tal and Pb,_ A, Te (A,=Mn,,;; Sngy,e) alloy
samples at temperatures between 10 and 300 K. In
addition to the strong plasmon—-LO phonon interac-
tion, characteristic for these alloys, two additional
modes at temperatures below 7=200 K are ob-
served. The first mode, at about 122 cm™' is the
local vibrational indium impurity mode representing
the population of a metastable state due to the trans-
fer of electrons from a stable two-electron to a
metastable one-electron state. The other mode, at
about 488 cm™' may be a result of electron transfer
from the stable impurity two-electron state to the
conduction band.
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