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1. Introduction

The physics of semiconductors in its development continually includes in the investigation
new materials and new physical phenomena they bring with them. Sometimes the materials
that attract attention of the scientific community are completely new as for example the
artificial crystals, i.e., superlattices, but often they are a modification of well-known ones.
For semiconducting materials the most popular and important method of modification of
their properties is the introduction of impurities. Investigation of heavily doped semi-
conductors is a large and interesting problem in the modern physics of semiconductors
[1,2]. In this review article we will discuss electronic properties of the narrow-gap A™VBY!
semiconductors PbTe, Pb, _,Sn, Te and related materials heavily doped with In, Tl, Ga,
and some other impurities that lead to the formation of the long-living localized or
quasi-localized electron states in the crystal and thus change substantially the electronic
properties of the alloys. We will call these materials modified lead telluride alloys (MLTA).

Except for the scientific interest, the investigations of MLTA are stimulated by extensive
use of A"VBY! semiconductors and their alloys in the infrared optoelectronics for manufactur-
ing IR-lasers and detectors for the wavelength range extending from 1 to 40 pm [3].
AYBY! heterostructures and superlattices are also available [4], which makes Pb,_ Sn, Te
and related materials quite competitive in device applications with other popular modern
semiconductors [5].

The influence of a high impurity concentration upon the energy spectrum and electronic
properties of Pb,_,Sn Te is distinctive and quite different from its effect in other
semiconductors such as Ge, Si, or InSb [1, 2, 6]. As in MLTA the effect of the Coulomb
forces is drastically reduced due to the extremely high value of the static dielectric constant
%o = 10° (see Table 1), the binding energy of a shallow impurity state turns out to be below
1mK (the small value of the carrier effective mass also contributes to this figure).
Correspondingly, neither shallow states nor shallow impurity band can be observed in them.

The strong influence impurities have on the electron properties of Pb; _,Sn Te and related
materials is connected with the deep states that appear as a result of doping. In contrast
to shallow states, deep ones consist of wave functions that belong to many bands. So their
energy levels are not connected to any particular band edge and they can be situated in a
band as well as in the gap [7]. Depending upon the kind of the doping impurity, the physical
properties of the centres and of the doped material as well as the observed effects may be
very different. Let us mention here a few examples.
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Table 1

Parameters of the band energy dispersion law in Pb, _ . Sn,Te [77, 83]
(energy in eV, temperature in K)

electron and hole energy dispersion law, i ) &(p)

e(p), measured from the corresponding band 3, + ZTnl = &(p) t =

edge ' s

energy gap width, E, E (x, T) = 0.19 — 0.543x + 4.5x 107*T*/(T + 50)
carrier effective masses, m, and m, m(x, T)/my = 0.16E,(x, T)

my(x, T)/my = 10.5

energy distance to the second valence band 4,53 =—-033(T=7TK,0x £ 1)
(X extremum), measured from the edge of the
conduction band

The highly localized wave functions of neighbouring centres do not overlap significantly,
the Coulomb interaction between carriers at different defects is suppressed, so in some cases
the level may be very narrow. The level can pin the Fermi energy, and the pinning ensures
a high level of spatial uniformity of electrical properties of the semiconductor, which looks
somewhat paradoxically for a heavily doped material. The position of the level with respect
to the band edges can be tuned by variation of the alloy composition, so it is possible to
obtain solid solutions with desired carrier concentration including very low values if the
level lies in the gap so that the semiconductor becomes almost intrinsic. In addition, the
pinning of the Fermi level makes electronic properties of MLTA stable against the influence
of radiation.

The deep levels can affect the carrier transport in MLTA, too. If the levels lie in a band,
they may very effectively scatter carriers with energy close to that of the quasi-localized
state by means of the so-called resonant scattering mechanism, which leads to the large
mobility reduction {8, 9]. The capture of non-equilibrium carriers by the levels [10 to 12] is
another important effect.

But maybe the most prominent feature of MLTA brought about by doping is the
appearance of the long-term electronic relaxation processes [13]. They can take place when
the level lies in a band as well as when it is in the gap. They are connected with the existence
of a barrier at the defect which is similar to the autolocalization one that drastically reduces
the rate of carrier transitions between the centre and the band. The long-living states
influence significantly non-equilibrium processes in MLTA including hot-electron transport,
magneto- and photoconductivity, etc. In particular, the long-term character of the relaxation
of the non-equilibrium electron distribution is the reason for the very high photosensitivity
of MLTA.

There are many other interesting physical phenomena that were observed in MLTA
under the influence of light, magnetic field, microwave field, hydrostatic pressure, etc.

In this article we will give a review of the most important and well established experimental
data obtained in MLTA and also of the corresponding theoretical calculations. The structure
of the article is evident from the table of contents. We will pay considerable attention to
the most informative and unambiguous experimental methods. A large part of the review
is devoted to the transport phenomena. Bearing in mind the possible applications, we have
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included a description of optical and photoelectric properties of MLTA. In the final section
a few interesting experiments are also discussed that still have no clear interpretation, and
problems for future investigations are formulated.

2, Stabilization of the Fermi Level in Doped Lead Telluride

As a rule, the charge carrier concentration in lead telluride and its solid solutions is rather
high. This fact is caused by the existence of native defects of the crystal lattice, i.e. vacancies
and interstitials, which are electrically active in these compounds. The crystals grown from
the stoichiometric melts are usually of p-type and the hole concentration exceeds 1018 cm 3,
The annealing of the crystals under different conditions allows to reduce the charge carrier
concentration down to 10! cm~3. This value can be considered as a limit for a material
that is not specially doped [14].

A great number of elements have been used for the doping of lead telluride. The first
group metals Na, Li, Ag demonstrate mostly effective acceptor behaviour. Effective
donors are halogens. The doping of PbTe with these elements can increase the charge
carrier concentration up to 10 cm™3 [9]. Most of the rare earth metals, as well as the
elements of the fifth group, also tend to be donors in PbTe [15]. Eu, Sm, Yb, and Tm are
the only rare earth elements which in their monotellurides exist in the 2+ valence state
(the others are in the 3+ one). These four elements were expected to be neutral impurities
in lead telluride. It has been proved for Eu, but Tm has been found to be a donor [16].

The transition metals also act as donors (Cr, Co, Nj, Ti) or as neutral impurities (Mn).
It has been established that the increase of Cr content in PbTe led to a rise of the electron
concentration up to 1.3 x 10*® cm ™3, This concentration remains constant while the Cr
content is increased up to the solubility limit [17]. In PbTe(Ti) the maximum value of the
electron concentrationn &~ 7 x 10!° cm ™3 isachieved at Ny; = 0.3 at%. The further increase
of Ny; up to 0.5 at% does not change the value of n [18].

The most interesting and complete data have been obtained for PbTe doped with 111B
group impurities. For In, Ga, and Tl in PbTe the dependence of n, p on the impurity
concentration N; appears to saturate within the solubility regions of the corresponding
impurities. The saturation level of the free charge carrier concentrationisn =~ 7 x 10'® cm 3
for PbTe(In) and p =~ 10?° cm ™~ for PbTe(Tl) even if the material is additionally doped
with donors (iodine in PbTe(In), superstoichiometric Pb in PbTe(Tl) or acceptors (Na in
PbTe(T))) if the concentration of the additional impurity is less than N,,, N1,. These results
show that in PbTe(In) and PbTe(T1), as well as in PbTe(Cr) and PbTe(Ti), a chemical
stabilization of the Fermi level is observed. In order to explain the properties of Tl- and
In-doped lead telluride, Kaidanov and Ravich [9] have proposed a model of the formation
of quasi-local impurity levels that pin the Fermi level (FL) in these compounds.

It has been found that the doping of PbTe with In or Cr up to N; =~ 0.5 at% did
not reduce significantly the mobilities of charge carriers p. In the best single crystal samples
of PbTe(In) and PbTe(Cr) p exceeds 10° cm?/Vs [19, 20] at liquid helium temperature.
Taking into account that the electron concentration is rather high, especially in PbTe(Cr),
where n = 1.3x 10'® ¢cm ™3, one can conclude that the doping does not affect significantly
the kinetic properties of the material. It has been established that in high magnetic fields
the magnetoresistance of PbTe(In) saturates in agreement with the theory for homogeneous
semiconductors [21]. Fine pictures of Shubnikov-de Haas oscillations have also been
observed [22, 23] (see Fig. 1). So PbTe(In) and PbTe(Cr) crystals are not similar to the
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ordinary compensated semiconductors
where the mobility values appear to be
low and the Landau level broadening
prevents the observation of oscillatory
effects.
Alilih For PbTe(Tl) the situation has sever-
ot al peculiarities. For the samples corre-
i sponding to the saturation region res-
onant scattering has been observed
! (see Section 6). At Ny >5x 10 cm ™3
b the cross section of hole scattering
| )
increases by more than an order of
magnitude [8]. The most impressive

L I 1 ! result is the observation of super-
oos 006 004 002  conductivity in PbTe(TI) [24). The

=~ H {kOe ™) transition temperature depends on the

ratio of Tl concentration and the con-

centration of additional impurities (Li, Na), the hole concentration being constant [25). The

maximum value of the transition temperature achieves 2.2 K, that is a high value for
semiconductors.

For Ga-doped PbTe the curve n, p(Ng,) has some special features. At least two saturation
regions have been observed on this dependence. At low concentrations gallium acts as a
donor and converts the type of conductivity of the PbTe crystals from p to n. Just after
the conversion the first saturation region is observed. The electron concentration for the
samples in this region approaches almost intrinsic values n < 10'*cm ™3 at T = 77K, and
the crystals become high-ohmic. The range of Ng, values corresponding to this region
seems to depend on the growth methods. PbTe(Ga) single crystals grown by means of a
vapour—liquid—solid mechanism stay high-ohmic at GaTe contents in the melt higher than
3 mol% (corresponding to Ng, & 7x10'° cm ™2 in the crystal volume) [26]. The crystals
grown from the vapour phase appear to be high-ohmic when the GaTe or Ga,Te, content
in the source material is equal to 10 mol% [27]. In the crystals obtained with the help of
the Czochralski technique the conversion of the conductivity type occurs at Ng, ~ 10'°
cm 3. At Ng, = 102° cm 3 another saturation region is observed. The electron concentra-
tion in this region equals r = 2 x 10'® cm ™3 [28]. According to [29] the solubility limit for
Gain Pb, _,Ga,Teis achieved at x = 0.01, the saturation region exists in the interval (0.15
to 0.75) at% of Ga. In metalloceramic samples one more saturation region has been found
at high values of Ng,, n being =~ 6 x10*? cm ™3 at Ng, ~ 5% 102° cm ™3 [30]. So the data
obtained by different authors are not in good agreement, but for almost all of the PbTe(Ga)
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T Fig. 2. The temperature dependence of the sample
105J ” 1 resistivity ¢ measured in the dark (1), (2) and under
infrared illumination (1), (2') in PbTe(Ga) (1), (1')
and Pbg ;5Sng ,sTe(In) (2), (2) [54]
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samplesn <€ Ng,. For the high-ohmic n-type
102 PbTe(Ga) crystals the region corresponding
to the impurity activation process has been
observed on the temperature dependence of

14
10 the resistivity ¢ (see Fig. 2) and of the Hall
coefficient. With the help of the equation
0
10 0 ~ exp (E,/2kT) @.1)
101 the energy E, = 140 meV for the donor
impurity level has been determined [31 to 33].
o2 TI T' As a conclusion it should be pointed out
Jle e

. . . . . that doping of lead telluride with different
0 40 80 120 160 200 240 impurities can be considered as a rather
complicated process. The dependence of free
carrier density on the impurity concentra-
tion seems to be non-linear, and in some
cases saturation regions within the solubility limit are observed. The existence of these
regions cannot be attributed to a definite origin without additional investigation of the
material. Besides the FL pinning, the effect of saturation may be caused by self-compensation
phenomena. It means that the incorporation of an impurity atom into the crystal lattice
under special conditions brings about the formation of a native defect which neutralizes
the impurity atom. The self-compensation has been observed in PbTe(Bi) [34], in Zn and
Ar ion implanted PbTe films [35, 36], and in PbTe(Cl) [37]. That is why the effect of FL
pinning for each substance must be proved by a number of additional experimental facts:
high homogeneity of electrical properties throughout the sample volume, the motion of the
band edges with respect to the pinned FL under the action of different external factors,
such as hydrostatic pressure, magnetic field, or temperature. A detailed experimental
investigation has been carried out only for a few impurities in lead telluride. We shall
consider the results of this research in the next sections.

103, -
Bt —

3. Impurity Levels in the Modified Lead Telluride Alloys (MLTA)
under Changes of Temperature, Alloy Composition, Pressure,
and Magnetic Field

The first experiments that proved the existence of the impurity levels and the FL pinning
in the conduction band of PbTe were the measurements of the temperature dependence of
the Hall coefficient Ry;. The results obtained for PbTe(In) [21] and later for PbTe(Cr) 20, 38]
qualitatively differ from the data for lead telluride doped with halogens or donor native
defects, where Ry stays nearly constant up to rather high temperatures 7 > 300 K. In
PbTe(In) and PbTe(Cr) a significant change of the Ry value under temperature variation
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has been observed. This effect was explained in terms of the electron concentration variation
induced by the pinned FL shift towards the bottom of the conduction band as T rises. The
coefficients OE;/0T were found to have similar values for PbTe(In) and PbTe(Cr),
—(3+1)x10"*eV/K.

The interpretation of the Ry(T) dependence for the p-type material PbTe(Tl) seems to
be a more complicated problem because heavy holes from the second valence subband take
part in the conductivity process.

3.1 Reconstruction of the energy spectrum of the MLTA
under variation in alloy composition

The investigation of the solid solutions based on doped PbTe with pinned FL gives an
important information on the origin and properties of the impurity centres. To the present
moment a large number of compounds has been studied. Of course, for some of the
substances the information is rather brief and insufficient to make any conclusions. But it
is interesting to compare all available data with the results for the materials studied in
details, for example, with Pb, _ Sn Te(In). We shall consider the solid solutions Pb, _ Me, Te
in which the atoms are replaced in the metal sublattice. The list of known materials with
pinned FL and their main characteristics are represented in Table 2.

It should be mentioned that the conclusion about the FL pinning in solid solutions with
variable composition in general needs to be supported by the determination of the n, p(N)
dependence for every x-value. But this complicated work is done only in a few cases [9].
For the majority of compounds the effect of pinning has been proved using special
investigations of the character of the shift of the pinned FL relative to the band edges.

Up to now In and Ga are known to be the only impurities whose incorporation results
in the FL pinning not only in PbTe, but in a variety of its solid solutions (see Table 2).
Moreover, the shift of FL appears to be nearly linear in x for them. An interesting feature
of all In- and Ga-doped solid solutions with both positive and negative values of 9E_/8x
is the negative value of 0(E; — E_)/0x. In In-doped solid solutions (Pb, _,Sn, Te(In} [39, 40],

Table 2

The main properties of PbTe-based solid solutions with pinned FL. (The values of n, p,
and Ep are presented for T = 4.2 K, SMSC stands for semimagnetic semiconductor)

PbTe(In) n=6x10%cm 3 E. — E, = 70meV, T, = 20K
PbTe(Cr) n=13x10cm™3, Ep — E, = 100 meV, SMSC
PbTe(TI) px10°cm™3,8Cat T < 3K

PbTe(Ga) (E. — E) ~ (65t0 70)meV, T, ~ 80K

Pb, _,Sn,Te(In) 022 < x < 0.28 dielectric state, T, = 20 K

Pb, _ Mn,Te JE,/0x =~ 40 meV/mol% MnTe, SMSC

Pb, _ Mn,Te(In) x > 0.05 dielectric state, T, = 20 K

Pb, _ . Mn,Te(Ga) dielectric state, T, =~ 80 K

Pb, _,Ge, Te(In) x > 0.08 dielectric state, T, ~ 20K

Pb, _,Ge, Te(Ga) dielectric state, T, ~ 80 K

Pb, _,Sn,Te(Ga) pressure induced n-p inversion

Pb; _,_,Sn,Ge Te(In) photosensor with variable 1,
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Fig. 3. The diagram representing the reconstruction of the energy spectrum at the variation of the
alloy composition x for Pb; _,Sn Te(In) and Pb, . ,Mn,Te(In); T —» 0

Pb, _ Mn,Te(In) [41], Pb,_ . Ge Te(In) [42,43]) it results in so-called metal-dielectric
transitions that occur when FL crosses the edge of one of the allowed bands at some definite
x-value. Diagrams illustrating the energy spectrum reconstruction under x-variation are
shown in Fig. 3 for Pb, _,Sn, Te(In) and Pb, _,Mn, Te(In) alloys. One can see that in the
interval 022 < x < 028 for Pb,_,Sn Te(In) the FL is pinned within the gap [39].
(According to the data obtained in {40] this composition interval is slightly different.) For
alloys from this composition range the values of the free carrier concentrations at low
temperatures appear to be lower than 10*° cm ™2 at liquid helium temperature. At x ~ 0.26
the FL crosses the middle of the gap and the conversion of conductivity from n- to p-type
is observed. For Pb, _,Mn, Te(In) the metal—-dielectric transition is observed at x = 0.05.
It should be noted that Pb, _,Mn_ Te solid solutions exist only at x < 0.20, and In-doped
ones have been investigated only for x < 0.1 [29]. The metal—dielectric transition is also
observed in Pb, _,Ge,Te(In) at x = 0.08 [42, 43]. The In impurity has been found to reduce
significantly the temperature of the ferroelectric phase transition in Pb, _,Ge Te, that is
why it is difficult to present a diagram of the energy spectrum reconstruction for this alloy.

3.2 Reconstruction of the energy spectrum of the MLTA under external pressure

One more factor varying the relative position of the band edges and the pinned FL is the
hydrostatic pressure P. It has been found out that in Pb; ,Sn Te(In) with different x-values
the FL slightly shifts relative to the middle of the energy gap under pressure [44], while the
band extrema L/ and L; at first move towards each other and, after the gapless state
is achieved at P = P, move apart. The gapless state indicates the point where band
inversion takes place. In the direct energy spectrum region Lg forms the conduction
band, L{ forming the valence one, and vice versa in the inverse spectral region. The
diagram of the energy spectrum reconstruction under pressure is represented in Fig. 4 for
alloys with different composition. For the Pb, _,Sn Te(In) alloys in the dielectric state
the successive transitions, dielectric—metal—dielectric have been observed at P = P, P,,
respectively.
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Fig. 4. The diagrams representing the reconstruction of the energy spectrum under the effect
of pressure for: a) undoped Pbg,sSny,sTe, b) Pby,sSng ,sTe(In), ¢} Pbg 56Sng 30Te(In),
d) Pbg 5,5n0 15 Te(Ga)

In PbTe(Cr) pressure also induces a change of the electron concentration [20]. The
calculations show that this variation corresponds to the stable FL position relative to the
middle of the gap.

In high-ohmic n-PbTe(Ga) crystals application of pressure results in the reduction of the
activation energy of the conductivity and in the conversion of its type from n to p at
P ~ 10° Pa [19]. A unique result has been obtained for Pb, _,Sn, Te(Ga) under hydrostatic
pressure. In n-type samples (the FL seems to ‘be not pinned) in a narrow pressure interval

2 physica (a) 137/}
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the FL passes through the gap and enters the valence band [45] (see Fig.4). Such a
“jump” of the FL has been explained in terms of a pressure induced change of the
charge state of the Ga atom in the crystal lattice. It has been supposed that even slight
strains of the crystal lattice or maybe slight deviations from the equilibrium position of Ga
atoms due to these strains change the charge state of Ga atoms and transform it from
donor to neutral impurity. A similar situation has been observed in Pb, _,Ge,Te(Ga) single
crystals at cooling [46]. A rapid diminishing of the resistivity at a definite temperature
depending on the alloy composition x has been attributed to the change of the charge state
of Ga atoms due to the strain of the crystal lattice induced by the ferroelectric phase
transition.

3.3 Energy spectrum of the MLTA in high magnetic fields

The effect of Fermi level pinning induces qualitative changes of the galvanomagnetic
properties of the MLTA in the ultraquantum limit (UQL) of magnetic fields. The
experimental observation of this phenomenon is possible if, first, the pinning really exists
and, second, the UQL can be achieved. It means that the Fermi energy must be small
enough. Pb, _ Sn_ Te(In) alloys appear to be nearly ideal systems for the experimental study
of FL pinning in a magnetic field. Using the hydrostatic pressure as a tool that can tune
the position of FL relative to the band edges it is possible to choose the desired initial
state. One can choose the electron (x < 0.22) or hole (x > 0.28) type of conductivity, the
direct (P < P)) or inverse (P > P,) region of the energy spectrum [48]. The dependence of
Hall voltage on the magnetic field H is shown in Fig. 5 for an n-type Pb, _ Sn, Te(In) alloy
(x = 0.25) at various temperatures and pressures. It should be noted that at low temperature
(T < 20K) the processes of relaxation to the equilibrium state in these alloys are of long

16K
. I1O mV I1mV 20K
z
—_ 8K
j= =4
e}
10K
42K
42K
a b
] L L 1 1 | -
0 20 40 60 O 20 40 60
H(kOe) —

Fig. 5. Recorded Uy(H) dependence for Pby ;58n, ;5Te(In) at various temperatures and pressures.
Temperatures are indicated by the figures at the curves [48]; a) P = 28x108Pa < P, < P,
b) P, < P = 14x10% Pa
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Fig. 6. Recorded curves of Uy (H) with dH/dt = 15,
5 8,4 kOe¢/min, (1) to (3), respectively, (4) magnetoresis-
tance oscillations Ag(H)/g,, (5) Hall voltage oscilla-
tions AU, (H)/U, with monotonous components of
- ¢(H) and Uy(H) compensated, for Pb, ;0Sng ;,Te(In)
at P =92x10%Pa, T = 42K [48]

duration (see Section 4.1). But in this section
we consider only the equilibrium state without
any consideration of the way it has been
reached.

The Uy(H) curves are stationary in high
fields at temperatures T ~ 16 to 20 K. This
means that for every fixed field H the equili-
brium value of Uy is reached during a time
) 1 | of t ~ 1s,

0 10 20 30 In the vicinity of a certain definite value of

H(kOe)——  the field H = H, a deviation from the linear
dependence U, (H) is observed. In the metallic
state (P, < P < P,) this field equals the ultraquantum limit field H,,, that corre-
sponds to the crossing of the Fermi level by the 0* Landau level. The H,, field can be
estimated by means of Shubnikov-de Haas (SdH) measurements, since H,, corresponds
to the last extremum of the Ag(H)/g, oscillation curve. In these experiments the orientation
of the magnetic field was H || {100>. This configuration corresponds to the equivalent
position of four isoenergetic ellipsoids relative to the vector H. All the experiments described
below have been performed in the same orientation. Fig. 6 represents the Uy (H) curves
(curve 3 is close to the stationary one) and the oscillating component of ¢(H) for the alloy
with x = 0.30. In the dielectric state (P < P, P > P,) the H, value lies in the range of
1 to 3 kOe.

The stationary Uy(H) dependence significantly differs in the direct and inverse energy
spectrum regions: when P < P, U,(H) is a slightly increasing function, and when P > P,
it is a decreasing function of magnetic field H > H .. In the vicinity of P;, Uy is practically
independent of H at high fields H > H,,. This behaviour was observed in both n- and
p-type Pb, _,Sn,Te alloys.

The results obtained in [49] show that the transformation of the energy spectrum of
Pb, _,Sn_ Te alloys can be described by the two-band Kane model modified to account for
the fact that the effective g-factor differs from 2. In this model the dispersion equation for
electrons and holes in the L bands for H || z is as follows [48]:

(E* — L EQ/E, = ho(n + 3) + 3 gugH + h*kZ/2m,, G.1

where the energy E is calculated from the middle of the band gap E,, w. = eH/m, m_ is
the cyclotron mass, g the spectroscopic g-factor, m, the effective mass in z-direction
(parameters m,, g, and m, correspond to the band edges), and pg = eh/2mqyc is the Bohr
magneton. For arbitrary z-direction this relation has different parameters for each of the
ellipsoids, but if H || z || {100} these parameters are equal. In the further consideration we
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use rather simple equations corresponding to this model, though a more precise approach
taking into account the Landau level broadening has been proposed in [50].

It can easily be shown that for degenerate statistics of charge carriers the ratio of the
electron (or hole) concentration n,y at H > H,, to that at H = 0 is given by [48]

nuq(H) _ 3 moppHE(ER — § E3)' [ _ MHEA ]"2
ne 2 ml(ERY — LEX” B} —LE;

(3.2)

where 4 = (my/m.) (1 — §/2) (§ is the effective g-factor), Er = (Ep + E,/2) Fermi energy
calculated from the middle of the gap. In the general case E. depends on H, and
EQ2 = E.(H = 0). For the undoped Pb,_ Sn,Te alloys n(H) = n, = const, hence Nyqi/fo
= 1, and (3.2) describes the dependence Ep(H). If the FL is pinned, Ex(H) will be equal to
E; and (3.2) describes the dependence n,,(H).

The n,,(H)/n, dependence for H > H,; is completely defined by the magnitude of the
magnetic field and by the magnitude and sign of the parameter A. In essence, in the case
of FL pinning (3.2) describes the magnetic field induced charge carrier transition between
the E; level and the L bands. This process originates from the following: (i) The electron
(hole) density of states increases in a magnetic field, resulting in an increasing band capacity
for every fixed energy interval; (i) the band edges will move in a magnetic field relative to
the E; level.

Fig. 7a represents the spectrum of the Pb, _,Sn,Te(In) alloy in zero magnetic field for
P, < P < P, The change in the spectrum at H > H, is shown in Fig. 7b for the case
when the spin splitting of the Landau level is smaller than the orbital one (g < 2). Only
the 0~ Landau level remains below the E; level when H > H,;;. The parabola in Fig. 7b
represents the quasi-continuous nature of the spectrum in the k, direction. Occupied and
vacant states are represented by filled and open dots. The transition process is shown
schematically by arrows.

According to (3.2), n,, increases linearly in a magnetic field when 4 = 0 (g = 2) with the
equilibrium magnitude of the Hall voltage given by

Uy(H) = const

Huqi(H) )

and does not depend on H.

When 4 > 0 (g < 2), n,,(H) increases slowly at first, then passes through a maximum,
and decreases.

0+

N

kz—‘—

a b C d

Fig. 7. The non-equilibrium metallic state cycle [13]



Carrier Transport and Non-Equilibrium Phenomena in Doped PbTe 21

The experimentally obtained deviations from the linear U, (H) dependence in magnetic
field and numerical calculations show that the Fermi level in Pb, _,Sn, Te(In) alloys is
pinned in a quantizing magnetic field. The rapid growth of n,,(H) is the main evidence for
this conclusion (n,q,(H)/n, = (10 to 20) when H = 6 T) [48].

4. Non-Equilibrium States in the MLTA Induced by Magnetic Field and Illumination

In the previous part of the paper we have considered the stationary state of the MLTA.
At low enough temperatures the kinetics of the relaxation to the equilibrium state after
excitation by some external factor is a long-term process. For example, in Pb, _,Sn Te(In)
the reduction of temperature to T < 20 K results in the appearance of a hysteresis in the
Uy(H) curves (see Fig. 5 and 6) when the field is increased and then decreased at a finite
rate (~10kOe/min). It is connected with rather high direct (level-band) and inverse
(band-level) transition times of non-equilibrium charge carriers {48, 51]. In the present
section we will consider the long-term relaxation of galvanomagnetic parameters.

4.1 Non-equilibrium states in high magnetic field

It is convenient to start a detailed study of the corresponding phenomena from the
consideration of the cycle by which a quasi-equilibrium metallic state with frozen Fermi
surface is reached, as proposed in [13] for Pb; _,Sn, Te(In) alloys. Let us return to Fig. 7,
where energy diagrams are represented, and illustrate the following stages of the cycle:

1. H=0, T = 42K. The alloy is in the metallic state with Fermi energy E.

2. T = 4.2 K. As a magnetic field H; > H,, is imposed, the energy spectrum transforms
as shown in Fig. 7b. The density of states in the 0~ Landau level grows and the number
of allowed states under the pinned FL increases. Since the process of the level-band
transitions of electrons is of long duration, the quasi-FL at first falls down to E{"’ and then
slowly grows. In the limit that the characteristic time of the level-band transitions ¢, — co,
E{) is determined by (3.2) where n, = n,.

3. H = H; > H,,, the magnetic field magnitude being fixed. The sample is heated up
to T = 20 K. During heating intense level—band transitions start and the 0~ Landau band
is rapidly filled by electrons up to the E, level. As the temperature is reduced, the equilibrium
state of the system becomes frozen (Fig. 7c).

4. T = 4.2 K. The magnetic field is reduced to H = 0. Since the characteristic time 1,
of the reverse band —level transitions is also long, the electron concentration in the conduction
band decreases slowly relaxing to the equilibrium value. In the limit 7, — co the quasi-FL
position E{?) is determined by (3.2) where the n, value must be replaced by n,q,(H)) (Fig. 7d).

5. H = 0. The sample is heated to T = 20 K. Intense band-level transitions start and
the Fermi level drops down to its initial position Ex. When the temperature is reduced, the
system returns to its initial state at T = 4.2 K.

This cycle is reproducible.

Analysis of the Uy(H) time dependence in a fixed field shows that the Uy relaxation
cannot be described by a simple exponential law with a parameter 7, (,,. In order to describe
quantitatively the dependence of the relaxation rate on x, P, and 7T, in [48] a characteristic
parameter t has been introduced. It has been defined as the time necessary for the
non-cquilibrium Hall voltage Uy, in a fixed magnetic field H > H,, to change from its
initial value by a factor of e. The comparison of 7 determined in such a way for alloys
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with different x-values shows that for the level-band transitions 7, approaches several ten
hours in the alloy with x = 0.20 and decreases to 0.5h in the alloy with x = 0.30 at
T =42K,P = 10° Pa,and H = 6 T. For all the alloys with x from 0.20 to 0.30 an increase
of pressure up to 15 x 108 Pa causes a considerable decrease of 7, to ~1s at T = 42K.
A sharp reduction of 7, to values below 1 s at P = 10° Pa in all the alloys can be obtained
by increasing the temperature up to 7T, ~ 20 K.

The existence of the long-term relaxation process caused by charge carrier transitions
between the E; level and the allowed bands indicates that impurity and band states in
Pb, _.Sn,Te(In) alloys are separated by a barrier W. The authors of [48, 51] have estimated
the W-value as (20 to 40)meV using the equation for a simple activation process
(10K < T <25K),

T =t15exp(W/kT). 4.1)

The deviations from the exponential law in the experimentally observed relaxations may
be connected with a large deviation from the equilibrium state (as well as with other factors).
According to (4.1) the relaxation time 7 would increase up to ~103°s with a decrease of
temperature to 4.2 K with W ~ 30 meV and 7, ~ 107 %s. This value lies far beyond the
experimentally obtained ¢, value. It may be due to the coexistence of activation and
tunnelling mechanisms in the relaxation process at low temperatures.

The analysis of experimental data shows that t, for fixed H > H,, and x, P, T parameters
exceeds the corresponding value of 7, for the inverse transition. It is illustrated in Fig. 5:
the hysteresis in the Uy(H) dependence recorded at various values of 0H/0t is observed
only in stronger fields, and in weak fields the Uy,(H) curves practically coincide. In this
example the relation 7, < 7, can be observed because both 7, and t, values decrease with
increasing x and P.

It should be pointed out that the processes of level-band and band-level transitions are
physically different. The application of a quantizing magnetic field induces the spin
polarization of charge carriers; the energy spectrum becomes one-dimensional. According
to the model (see the next section of this paper) in Pb, _,Sn, Te(In) alloys some of the
impurity centres are occupied by two electrons with oppositely directed spins, other
centres being empty. The level-band transitions thus can be accompanied by a change of
the spin direction (see Fig. 7b). It is obvious that the relaxation occurs without spin-flip
during the band-level transitions because of the spin degeneracy of the conduction band
(see Fig. 7d).

4.2 Non-equilibvium processes under IR-illumination

In the present section of the paper infrared illumination will be considered as a disturbing
parameter. In comparison with other factors it possesses the widest range of possible
excitation levels. The non-equilibrium states induced in this way have been investigated for
Pb, _,Sn, Te(in) alloys in [52 to 59] and for PbTe(Ga) in [27, 31, 33, 54, 59 to 62).

The high sensitivity of Pb,. . Sn,Te(In) and PbTe(Ga) samples to the background
radiation results in additional requirements to the experimental procedure. The authors of
[53] used a vacuum metallic chamber cooled by liquid helium for the photoconductivity
measurements. The construction of the chamber provided practically complete screening
of the sample from the background thermal radiation. A carbon resistor heated by electric
current or a light-emitting diode (LED) is used as source of infrared radiation. The sample
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temperature (T) and the temperature of the carbon resistor (7*) were controlled by
thermocouples. The measurements were performed in electric fields less than 0.2 V/cm.

The typical temperature dependences of the sample resistivity ¢ measured in the dark
and under infrared illumination in Pbg ,sSng ,sTe(In) and PbTe(Ga) alloys are shown in
Fig. 2. The maxima on curves 1, 2’ at the temperature T = T, = 20 K for Pb,, ,5Sn, ,sTe(In)
and T = T, ~ 80K for PbTe(Ga) are due to the appearance of photoconductivity [54]:
the resistivities in the dark (g,) and under illumination (¢') at T < T differ by several orders
of magnitude. No noticeable correlation between T, and x in Pb, _,Sn,Te(In) alloys has
been found. The Hall mobility of free carriers is of order of 10* cm?/Vs and remains
approximately constant for T £ T, in all samples studied. It should be noted that
high photoconductivity is observed in both n-type (x < 0.25) and p-type (x = 0.26)
Pb, _,Sn,Te(In) alloys in the dielectric state (0.22 £ x < 0.28) as well as in the metallic
one (x < 0.22, x = 0.28).

An effective method for investigating the photoconductivity in Pb, _,Sn, Te(In) alloys in
the metallic state is the registration of Shubnikov-de Haas oscillations of non-equilibrium
carriers at different excitation levels [48]. The observation of this effect becomes possible
due to the existence of a barrier which prevents the fast recombination of non-equilibrium
charge carriers and gives an opportunity to fix the position of the quasi-Fermi level at some
definite value for every temperature of the excitation source. The same reason permits to
observe the dielectric-metal transition induced by the IR-radiation, which is accompanied
by the appearance of SdH oscillations in Pb,_,Sn,Te(In) alloys being initially in the
dielectric state. The magnetoresistance
derivatives 0g/OH in Pbg ,5Sng ,,Te(In)
for the quasi-stationary case at different
levels of excitation are presented in Fig. 8.
If the temperature of the illumination
source is fixed, the oscillation frequency
determined by the charge carrier concen-
tration begins to increase slowly and
reaches the quasi-stationary value corre-
sponding to equal rates of generation and
recombination processes. If the infrared

J
'/\5,9/ ”
9 illumination is switched off, the oscilla-
tion frequency starts to decrease and the
! 476 size of the quasi-Fermi surface slowly
! diminishes, too. The experimental in-

782 | vestigations show that the values of the
8 non-equilibrium free carrier concentra-
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tion An induced by the illumination achieve 107 to 10'® cm 3. These high values of An
cannot be obtained in quantizing magnetic fields.

A detailed investigation of the conductivity relaxation to its equilibrium value o, after
the illumination was switched off was performed for Pb, .Sn Te(In) alloys by several
research groups [53, 55 to 58]. The relaxations appear to be rather complicated, and the
majority of authors have found the character of the observed o(t) dependences to be
non-exponential. For the interpretation of the experimental results different approaches
have been used. In [57] the dependence o (t) has been fitted by two exponentials with different
arguments. In a later paper [58] the authors proposed a phenomenological equation for
the relaxation of the photoconductivity in an exponential form, but the relaxation time
itself was time-dependent as a result of the quasi-FL movement during the relaxation
process. In {55] the persistent photoconductivity relaxation has been found to obey a
logarithmic law. In [53] the relaxation curves have been approximated by a power law.
Such discrepancies seem to be connected with the difficulties to describe the whole relaxation
curve by a simple equation. Maybe the choice of various regions of the curve by different
authors gives rise to the appearance of a variety of interpretation possibilities. Another
difficulty in the investigation of the relaxation process is a noticeable dependence of the
relaxation parameters on the excitation level. It should be noted that the shape of the
relaxation curves depends also on the In content, Ny, in the investigated alloys [63].

A study of the relaxation process in Pb, _,Sn_Te(In) alloys with different composition
x has been performed in [53]. It has been found that ¢(t — o) at a fixed T* saturates
towards a,(T *). At a carbon resistor IR-source temperature T* = 100 K o,,(T*) does not
change. The saturation level o,(T*) strongly depends on x. When x rises starting from
0.22, o, at first slowly decreases attaining a minimum at x = 0.26 and then begins to
increase. At this composition, x = 0.26, the Fermi level passes through the middle of the
band gap (see Fig. 3) and the conductivity type changes from electron to hole type. The
decrease of o, to the equilibrium value after the illumination has been switched off can
be described by a power function (¢ — 64)/6, = At~ # for all alloys investigated and for
different levels of excitation (g, is the conductivity value in the dark)..It has been found
that as the temperature T* rises from 20 to 250 K, the parameter f decreases from =2 to
045, 0.7, 0.3 for x = 0.25, 0.27, 0.28, respectively. At a fixed T* the parameter § reaches
its maximum value at x = 0.26. For this composition the relaxation times of the non-
equilibrium charge carriers reach a minimum (t < 0.1 s even at T = 4.2 K). The parameter
B also seems to depend on the o, value, which is determined by the excitation level.

The kinetics of photoconductivity in the high-ohmic PbTe(Ga) crystals is rather
complicated. Noticeable photoconductivity is observed at T < T, = 80 K (Fig. 2). At
T = 77K the value of the lifetime 1, of non-equilibrium holes is 7, < 1078 s and that of
the electrons is ~ 107 % s [61, 62]. A decrease of temperature results in the appearance of
at least two distinct regions in the ¢(f) curves. A fast process occurs immediately after
switching off the illumination. At T = 4.2 the corresponding time is ~10~%s. A long-
duration process follows the fast one and its relaxation time is >10°s (see Fig. 9). The
balance between the concentrations of non-equilibrium charge carriers participating in each
process depends on the duration and the intensity of the illumination.

The long-term processes in the MLTA considered above are qualitatively different from
the relaxation of non-equilibrium charge carriers in inhomogeneous semiconductors. The
main evidence for this conclusion is the observation of the slowly diminishing Fermi surface
in the metallic state of the alloys accompanied by a change of the period of SdH oscillations.



Carrier Transport and Non-Equilibrium Phenomena in Doped PbTe 25

5 Fig. 9. Kinetics of rise and reduction
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excited by an LED, A= 1pm,
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5. Theoretical Models of the Defects Forming the Long-Living States
in PbTe-Based Materials

The analysis of the experimental data performed in the preceding section led to the conclusion
that the doping of Pb, _ . Sn Te with In and some other impurities caused the formation of
long-living local and quasi-local electron states. It is not clear, however, whether these states
are introduced by the impurity atoms themselves or whether doping favours the appearance
of another kind of defects which in turn form the quasi-local states. The second possibility
is supported by the fact that the observed density of quasi-local states may be very different
from the impurity concentration [64] (see details in Section 7.1).

In the absence of detailed information about the structure of the defect forming the
quasi-local state its theoretical models were based mainly upon phenomenological consider-
ation. Generally, in order to slow down the carrier transition rate between an impurity
and a band a barrier should be overcome in the transition process. The barrier separates
the regions where the wave functions of free and localized states have non-zero values,
hence their overlap becomes very small and so does the transition matrix element. Probably,
the most obvious example of this kind is the Coulomb barrier of a many-electron centre
that slows down the carrier trapping [66]). However, the Coulomb interaction is inefficient
in Pb, _ Sn_Te(In) alloys because of the very high value of their dielectric constant (see
Table 1), so it cannot form a noticeable barrier. Hence the barrier can appear only due to
short-range forces. As barriers of this kind are very thin (of the order of the lattice period),
electrons can penctrate them easily, so at first sight the short-range barriers cannot be the
origin of a long-term relaxation. But the situation changes completely if the transition is
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not entirely electronic but involves also a lattice distortion due to the electron—phonon
interaction at the centre. In other words, let us consider an electron transition that is
accompanied by impurity movement, i.e. a change of the impurity position in the unit cell,
which is a common feature of deep traps [67]. As the mass of the impurity is much greater
than the electron mass, even a thin short-range barrier can be an almost unsurmountable
obstacle for the centre movement and hence for the transition as a whole.

This idea that has been first introduced by Gurney and Mott in 1939 [68] in similar context
and is the base of practically all models for the formation of defect states in Pb, _,Sn,Te
[69 to 76). Approaches used by different authors differ mainly in the assumptions on the
structure of the centre and also in treatment of the electron—lattice coupling mechanism.
The choice of an adequate model is not easy, first, because of the insufficient experimental
information about the structure of the centre, and second, because predictions of many
different approaches are similar and often do not differ in their physical content but rather
in the details. In their more elaborate versions [72 to 74] the models of the doping-induced
defect in Pb, _,Sn_Te are very similar to the well-known Anderson model of the negative-U
centre [76]. The two-electron nature of the ground state of the centre is supported by the
absence of the paramagnetic resonance signal of the defects.

Fig. 10 shows the energy level diagram of the defect according to [73, 74), and the
corresponding analytical expression for the energy of the centre having captured n electrons
(n=20,1,0r2)is

g, = 4%/(240) + (89 — M n + U, (5.1)

Fig. 10. The energy level diagram of the
defect vs. configuration coordinate A4;
& = 175meV, 4, = 180 meV
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where 4 is the configuration coordinate measured in energy units so that 4 equals the
energy shift of the one-electron level of the defect which is linear in the deformation, 4, is
the parameter determining the strength of the electron—phonon interaction at the centre,
&, 18 the energy position of the empty level of the centre (both 4, and ¢, depend upon the
alloy composition, see later), U, = UJ,, is the energy of the Coulomb repulsion of two
electrons at the centre, §;; being the Kronecker symbol. Here U = e?/ur ~ 10 meV,r ~ 1 nm
is the radius of the quasi-localized electron state, and »x = 180 is the value of the static
dielectric constant reduced due to the effect of spatial dispersion [73]. It is worth noting
that because of the large dielectric constant the electron—electron interaction at the centre
is small as compared to the energy gain due to electron—phonon interaction (4, ~ 100 meV,
see later), so the defect is a centre with negative correlation energy.

This model was originally introduced in [73] for the energy level structure of the chalcogen
vacancy in Pb; _,Sn,Te and was based on the detailed calculation of its spectrum. Being
treated as a phenomenological one, this model with parameters determined from experiment
proved to be useful for the interpretation of different experimental data concerning the In
doping-induced defect.

The dependence of 4, and &, (in eV) upon alloy composition x was found in {65] for the
interval 0.12 < x < 0.25:

go(x) = 043 — 1.2x, do(x) = 0.32 — 0.65x,

where &, is measured from the bottom of the conduction band.

For different n-values the functions ¢,(4) represent the energy of the centre occupied by
n electrons. It is often more convenient to consider the energy of a system consisting of the
centre with n electrons and of (2 — n) free electrons in the band. The full number of particles
in this system remains unchanged independently of n, hence the energies of the system states
can be compared directly, for example, in thermodynamic calculations. Denoting the energy
levels of this system by E,, one obtains

E,(4) = &,(4) + 2 — n) Eg, (52)
where Er is the Fermi energy.
From (5.2) one can easily see, in particular, that the condition of Fermi level pinning
Eomin = Ezmin»
where the subscript min stands for the equilibrium (minimum in A4) energy value, reduces to
2Eg = &3pmin = 2(0 — 4o) + U (5.3)

The two-electron nature of the defect ground state is reflected clearly in this equation.

Using (5.2) and (5.1) one can calculate the heights of the barriers that the system has to over-
come either thermally or by tunnelling in order to change the charge state of the centre. Finding
the intersection points of the E,(4) and E, _, (4) curves one obtains the following expressions
for W,;, the barrier height for the transition from the state with i electrons bound at the
centre to the state with j bound electrons (i — j| = 1 for one-electron transitions):

— Ep)? — Ay — Ep)?
W,, = (g0 ¥ ’ Wy, = (2o 0 F) ’

ZAO 2A0
le=(£°_A°+U—EF)2, W21=(30—2A0+U—EF)2.

24, 24,
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Because usually ¢, and 4, are significantly larger than U and Ep, W,, and W,, are
larger than the other two barriers, the corresponding transitions are much slower than
others. In particular, the large value of W,, for the barrier that separates the lower
two-electron state of the defect from its excited one-electron state may lead to the long-living
character of the lower state when it lies on the background of a band and hence is a
quasi-localized one. Indeed, the barrier complicates strongly the electron transition from
this state at low temperatures. In some cases the excited state of the centre may be also
long-living, and we will often call it metastable state to distinguish it from the ground state.
However, the reader should bear in mind that the lifetime of this state depends upon alloy
composition, temperature, and other parameters and hence may vary (see Sections 7, 8).

6. Carrier Kinetics in the Modified Lead Telluride Alloys in High Electric Field

Bulk non-equilibrium electron properties of doped Pb, _ . Sn Te alloys as well as of any
other semiconductor depend upon the electron energy spectrum of the material and the
carrier scattering processes in it.

From the point of view of the transport phenomena the main features of the band
spectrum of Pb; _,Sn, Te are a small value of the energy gap E,, a significant non-parabolicity
of &.(p) and ¢,(p), the electron and hole energy dispersion laws, and the symmetry of the
spectrum so that ¢.(p) ® —e,(p) if the energy is measured from the middle of the gap.
Extrema of both the bands are situated in the eight L points of the Brillouin zone. The
constant energy surfaces near extrema are close in shape to prolate spheroids. The simple
formulae for the energy spectrum parameters are represented in Table 1; more complicated
and precise expressions can be found in [3].

The obvious consequence of the symmetry of the spectrum is that electron and hole
mobilities do not differ significantly.

6.1 Carrier scattering mechanisms in Pb,_ Sn Te

Let us now turn to the carrier scattering processes in Pb; _ Sn, Te alloys. As the alloys are
heavily doped materials, one could suppose that impurity scattering should be important.
However, the Coulomb scattering of electrons by ionized impurities is strongly suppressed
due to the very large value of the dielectric constant %, =~ 450 to 2000 {77} in Pb, _ . Sn Te
so that the scattering can manifest itself only at temperatures less than 77 K at the highest
doping levels (N; = 10'® to 10*® cm ™~ 3). Nevertheless, the impurities that form quasi-local
(resonant) electron levels not far from the band edge, as, for example, Tl atoms do, can
influence the carrier mobility very significantly because of resonant scattering [78, 79] of
electrons by these states. It is a very effective scattering process for carriers with energy
nearly equal to g, the energy of the resonant level. The resonant scattering cross-section
has the form [78]

n p2

TR

(4.1)
where k and ¢ are the carrier wave number and energy, respectively, and v is the width of
the resonant level that is connected with the lifetime of the quasi-local state 7 so that
y ~ hjz. Hence 6,,, = (e = &,) = 4n/k* ~ 1% where 4 is de Broglie wavelength of the
carrier so that g can be large, especially if ¢, and hence k are small. The resonant scattering can
lead to a large mobility decrease when the Fermi level is in the vicinity of the quasi-local
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Fig. 11. Cross-section Sy, vs. Fermi energy E for the resonant scattering of light holes in PbTe(Tl)
[8]. Lines show the calculated St,(Eg) dependence for different ratios of mobilities of heavy and light
holes: 0.3, 1, 3, 10. The cross-section Sy, for scattering by Na impurities is also shown

level. This effect has been observed [8] in PbTe doped with T1 (Fig. 11). In these experiments
the Fermi energy was varied by changing the level of doping with TL. It is important that
no mobility decrease was observed at a similar hole concentration produced by “ordinary”
impurities.

In Pb, _,Sn, Te(In) this effect was not observed.?} As we will see later the possible reason
for this difference may be the different widths of T1 and In levels.

Even if the core potential of an impurity or defect cannot form a resonant level as is the
case for the great majority of them [80] it still can influence carrier motion, but the
corresponding cross-section is small. However, the small values of the cross-section can be
compensated by the high concentration of scattering centres. An important example is the
substitutional atom. The corresponding scattering mechanism is called the alloy scattering.
It was shown to have an effect on the ohmic [81] and hot electron [82] transport in
Pb, _,Sn,Te.

The phonon scattering processes look more ordinary. Three of them play an important
role in this material, namely, DA, LO, and intervalley scattering [77, 82 to 87]. So the total
number of scattering mechanisms equals five or six (the resonant scattering may be present

%) Indeed, many authors did not observe the resonant scattering in Pb, _,Sn,Te(In). However, in
[172] the results of galvanomagnetic measurements were interpreted under the assumption of resonant
scattering of holes by the In level.
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or not). Each of them has its own specific dependence of its rate on the electron energy,
lattice temperature, carrier and impurity concentration, alloy composition, etc. [88 to 90)].
There is no simple rule to find out which process is the most important one under given
conditions, and usually it is necessary to take several of them into account to obtain a
correct description of the carrier transport even in the ohmic region [84, 86, 87, 91}, and
the situation becomes more complicated under hot electron conditions [82, 85, 92]. As a
general tendency, at low carrier energy ¢, i.e. less than the Debye temperature, the carrier
mobility is dominated by DA and ionized impurity scattering. When ¢ is of order of the
Debye temperature optical and intervalley phonon scatterings usually play the major role,
and for the highest electron energies the DA phonon interaction becomes the most important
scattering process because its probability increases most rapidly when the carrier energy is
raised. It is not easy to point out the energy interval that is most favorable for the
manifestation of alloy scattering because the energy dependence of the neutral centre
cross-section depends on the nature of the defect and can have different forms [93, 94]. It
is not clear whether the existing models are suitable for the description of the carrier
interaction with substituting atoms in Pb, _,Sn Te. In the simplest approach the slow
particle scattering by a short-range potential is described by a constant cross-section [78]
so that the energy dependence of the alloy scattering probability is the same as that of the
DA phonon scattering. In contrast with the DA interaction the alloy scattering is temperature
independent so it can be important at low temperatures when the efficiency of phonon
scattering is reduced.

The parameters that describe the carrier scattering processes in Pb;_,Sn, Te are
summarized in Table 3. However, the electron—phonon and electron-defect interaction
constants are not known precisely. For example, the values of the deformation potential
constant for the DA interaction obtained by different authors differ significantly covering
the interval 12 to 25 eV {84, 95] and even the value of 40 eV was sometimes used [86]. The
value of the intervalley deformation potential constant in Table 3 was taken in [82, 85]
simply equal to that for Ge. So one should treat these values rather as reasonable estimates
than as strictly established data.

Table 3
Carrier scattering parameters in Pb; . Sn,Te
static dielectric constant, 3, 450 to 2000 {77]
104/ = 6.4 — 15x, 0 < x < 0.35 [120]
high frequency dielectric constant 37 (77}
38.4 [85]
optical phonon energy Pbg gSn, ,Te: 14.2 meV [82)
PbTe: 13.6 meV [85]
intervalley phonon energy 10.9 meV [82]
Debye temperature Pby sSng ,Te: 126 K [83]
PbTe: 160 K [83]
average acoustic deformation potential 12 to 25 eV [95, 84]
average L-L intervalley deformation potential 1.6 x 108 eV/cm [82]
average L-- W intervalley deformation potential 2x 108 eV/cm [82]
alloy scattering potential 0.15eV [82]
sound velocity 3 x 10% cm/s [85]

mass density 7.9 to 8.2 g/cm? [82, 83]
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The following examples can give some impression of the carrier mobility y in the alloys:
for Pb,_ Sn Te with x = 0.17 p,.x = (2 to 3)x 10° cm?/Vs, g0k being an order of
magnitude smaller [83], and for high quality epitaxial PbTe films u, ,x ~ 8 x 10° cm?/Vs
[120].

6.2 Hot electron phenomena in Pb, _ Sn Te; theory

Let us now turn to the theoretical consideration of the hot electron phenomena in
Pb, _,Sn,Te. The warm electron coefficient has been calculated in [86] taking into account
the DA and LO phonon scattering. It was shown that the coefficient changed its sign from
negative to positive as the lattice temperature was raised above the Debye temperature so
that the I-U curves were sublinear at T, < 0, and superlinear at higher temperatures.

The calculations of the I-U curves in high electric fields up to 3 kV/cm were performed
in [85] for PbTe at T, = 77 K. The Monte Carlo simulation was used and DA, LO, and
intervalley phonon scattering was taken into account. As T, was less than 6, sublinear
I-U curves were obtained in agreement with the results of [86]. The drift velocity value
was equal to (2.5 to 3)x 107 cm/s at E = 3 kV/cm, the larger figure corresponding to the
field parallel to the {100 direction and the smaller one to {110).

In these papers the carrier transport within only one band was considered and the
possibility of interband carrier transitions was neglected. There are two most important
channels of interband transitions, namely, impact ionization and transitions to the nearest
higher extrema of the bands. These processes can influence the high field kinetics.

The effect of the interband impact ionization causing an increase of carrier concentration
(i.e., interband breakdown) was detected in the early high field experiments in lead
chalcogenides [96, 97]. A theoretical investigation of hot electron and hole transport under
impact ionization conditions when the carrier concentrations depend on the electric field
was performed in [98, 99]. The approach used there was based on the assumption that the
carrier distributions could be described by Fermi functions, because the carrier density was
high due to the interband breakdown, and that the main carrier recombination process
was the Auger one because of the high concentration of electrons and holes and the small
E, value. As the breakdown effect was more prominent at low temperatures, DA phonon,
ionized impurity, and electron—hole scattering processes were taken into account as well
as the complicated band structure of Pb, _,Sn Te [99]. The calculated I-U curves under
impact ionization conditions showed a rapid current increase when the field was raised in
the post-breakdown region, but no S-type negative differential conductivity (NDC) was
found that had been observed in the experiments [96].

The influence of the possibility of electron transfer to a higher extremum in the conduction
band on the hot electron phenomena in n-Pb, _,Sn, Te was investigated in [92, 82]. It was
shown that under appropriate choice of the effective mass in this so-called W extremum
(about 0.5m,) and of the deformation potential constant value for the L-W scattering (see
Table 3) these transitions could lead to the appearance of N-shaped I-U curves due to
the Gunn instability.

Let us now consider the effect of the quasi-local impurity or defect states on the
non-equilibrium electron phenomena [100 to 102]. As these states are not very common in
semiconductors we will do it in more detail.

The impurity centres producing resonant states affect strongly the electron transport.
First, the electron scattering by these impurities has resonant nature. Its cross-section in
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the maximum is large (see above). So the resonant impurities can influence significantly
the carrier mobility. Second, the specific feature of the resonant scattering is an anomalously
long carrier—centre interaction time. The collision duration is determined in this case not
by the time of flight 7, ~ a/v of the electron having velocity v through the effective range
a of the impurity potential, but by the lifetime 7z of the resonant impurity state [103]. As a
rule, T » 1,. Moreover, for long-living resonant states it may happen that t becomes greater
than t,, the electron momentum relaxation time. The Boltzmann equation cannot be used
for the description of the carrier kinetics in this case [101] because the equation is valid
only when the collision duration is small as compared to 7, [104]. So the problem arises
to describe the electron transport in a semiconductor doped with long-living resonant
impurities.

Physically, the problem connected with the long collision time is the following. The
carrier spending a long time at the centre does not contribute to the current during this
time. So the effect of the electron—resonant centre interaction on the transport is not only
the carrier scattering as it is assumed in the Boltzmann equation. An additional effect arising
here is the free electron concentration reduction due to their residence at the impurities.
We want to stress that the described effect of the band electron concentration decrease is
caused exclusively by the coherent and elastic process of resonant scattering itself.
Quantum-mechanically, the effect in question is connected with the large wave function
amplitude at the resonant scattering centre which is much greater than the electron wave
amplitude far from the impurity.

Of course, inelastic processes can also limit the time an electron spends at the resonance
centre. For example, the carrier occupying the impurity can absorb a phonon, or another
electron can knock it out of the centre. The case when the inelastic capture and release
times are much less than 7 is relatively simple [100, 101]. One can neglect the quasi-stationary
nature of the level and treat it as stable and local. Hence the carrier kinetics can be described
by the usual kinetic equation taking into account these local levels, the band, and inelastic
carrier transitions between them. If the level is situated in the band above the equilibrium
FL position, so that only hot particles can effectively interact with it, then the possibility
of hot electron transitions to impurity states can lead to N-shaped I-U curves [100] due
to the free carrier concentration decrease in high fields. The situation is somewhat similar
to that in semiconductors doped by negatively charged impurities [105]. The NDC is entirely
a concentration effect here, and the resonant scattering does not manifest itself because the
carrier exchange between the centres and the band is controlled by inelastic collisions that
destroy the coherence necessary for the formation of the typical resonant cross-section.

The opposite situation takes place when the lifetime of the resonant state is small as
compared to the momentum relaxation time. In this case carriers spend almost all their
time in free motion and the decrease of the band electron concentration due to carrier
residence at the centres is negligible, as it is for any “ordinary” scattering mechanism. So
the particle interaction with the resonant centres reduces to the resonant scattering only
[101]. The Boltzmann equation is valid for the description of the carrier transport. The
calculations [101, 106] showed that resonant scattering had a large effect on the conductivity
and other kinetic coefficients only if the Fermi energy nearly coincided with the resonant
level and the electron temperature did not exceed y, the resonant level width, so that most
part of the carriers were influenced by the resonant scattering. Consequently, in the hot
carrier kinetics the resonant scattering generally does not manifest itself as clear as in ohmic
conditions because the energy width of the hot distribution is larger and hence a smaller
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fraction of carriers can interact with the resonant centres. However, the possibility of
S-shaped I-U curves was predicted [101] for semiconductor with short-living quasi-local
levels (t < 7,) lying above the equilibrium carrier emergy (g » Eg, 1) in case when
non-resonant electron scattering is due to ionized impurity interaction. The instability can
take place due to the fast increase of the electron mobility when the carrier energy is raised
above the resonant energy where the resonant scattering cross-section decreases rapidly.

The theory becomes more complicated in the intermediate case when both the resonant
scattering and the electron residence at the resonant centres are important [102, 147]. It can
happen if the resonance lifetime is comparable with or greater than the momentum relaxation
time but still remains much less than the time of inelastic carrier release from the centre.
In this situation the resonant scattering process is not influenced by inelastic collisions and
hence the cross-section has its sharp resonant form (cf. (6.1)). As the free time is comparable
with or less than 7 that determines the time an electron remains at the centre during the
resonant scattering [103], a particle having energy near the resonant value spends a significant
or even most part of time at a resonant scattering centre and hence the concentration of
free carriers in the band decreases. This effect is similar to that in case of extremely narrow
quasi-local levels [100] (see above) but the electron density reduction is connected here
solely with the coherent and elastic resonant scattering process. Of course, the concentration
decrease will again result in N-shaped I-U curves if the level is high enough in the band,
so that only hot carriers can interact with it (Fig. 12) [102]. However, as the resonant
scattering takes place in the latter situation whereas it is not present in semiconductors
with extremely narrow levels, the scattering can now lead to the appearance of an S-shaped
portion of the I— U curve following the N-shaped part (Fig. 13) [102] and is caused by
the same overheating mechanism that takes place for the short-living resonances. But as
the S-part can appear only for certain electron scattering conditions, in many cases the
effect of quasi-localized levels on the hot carrier transport will result in N-type NDC
independently of the mechanism of the centre—band carrier transitions (elastic or inelastic)
if only the inequality 7 = <, is satisfied.

Now one can see a possible reason why resonant scattering of carriers was observed in
Pb, _,Sn, Te(Tl), but not in Pb,_ . Sn Te doped with In. The TI resonant state is wide
(y ~ 2meV) [107] and hence relatively short-living (t & 10713 5), whereas the In level is
extremely narrow and long-living (y £ 0.01 meV) [9]. So on the one hand, only a very small
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Fig. 13. The calculated I-U cur-
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fraction of electrons can interact with the In state even at low temperatures and, on
the other hand, for the long-living level inelastic collisions may interrupt the resonant
scattering process thus preventing its manifestation. The decrease of temperature re-
duces the rate of inelastic processes as well as the carrier distribution width, so one
can suppose that at temperatures low enough the resonant scattering should become
observable for the In impurity, too. However, the observation of resonant scattering is
possible only in the time interval much greater than 7, when the resonant scattering
process has enough time to complete [108], and as the lifetime of the In level exceeds
several days at helium temperatures, the observation of this kind of scattering seems to be
very complicated.

6.3 Hot electron phenomena in Pb, _ Sn Te(In); experiment

We will stop here the account of the theoretical concepts and will turn to the results of the
experiments carried out on Pb,_,Sn,Te alloys in high electric fields. In this kind of
experiments short field pulses are usually used to avoid sample heating [88]. To have a
reference point, we will first describe the hot electron experiments in “ordinary” Pb, _,Sn, Te,
and then turn to the situation in Pb,_ . Sn, Te(In) and Pb, _,Sn, Te(Ga).

In n-Pb, _,Sn,Te solid solutions not containing In, Ga, Tl, and similar impurities the
measured I-U curves at the temperatures of liquid nitrogen and liquid helium have a long
sublinear part (up to electric fields of order of several tens kV/cm) and in higher fields there
is an NDC region that can be either of S- or N-type [92, 96, 109]. The type of NDC may
change when the alloy composition is varied as shown in Fig. 14 [92]. In the NDC region
additional non-equilibrium carriers were observed as well as high field domains and current
instabilities [96, 97, 110]. The appearance of the domains and instabilities was explained in
[92, 109, 111] under the assumption that there existed an additional heavy extremum in
the conduction band (so-called W extremum) so that the Gunn effect could take place. The
threshold field for the onset of a domain instability depends upon the alloy composition
and is equal to ~1.5kV/cm in n-PbTe and ~0.5kV/cm in n-Pb, ¢Sn, ,Te [109]. This
dependence was explained in [109] by the decrease of the W—L energy separation 4., when
the SnTe content in the alloy was increased. Using the obtained experimental data, the 4,
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3 Fig. 14. I-U curves of n-Pb, ,Sn Te speci-
mens at 77 K for different x-values. (1) x = 0,
(2) 0.06, (3) 0.12, (4) 0.18 [92]
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dependence on x was established as

A, =017 - 054x + 6x10°°T
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where T is the temperature in K, P
the hydrostatic pressure in 10® Pa. How-
ever, no independent evidence support-
] I ing the existence of the W minimum is
0 1 2 3 available up to now. The alloy com-
E(105V/m) — position dependence of 4., [109] gives the
value of 4., = 3.5meV for the popular
Pb, ;55n, ,5Te alloy, so that the W extremum would be rather close to the edge
of the conductivion band, but there was no report on its effect upon any phenome-
non. It is worth noting also that for compositions close to PbTe the calculated 4., value
is of order of E,, so that the interband breakdown could also take place in the field region
of the domain instability bringing about the increase of carrier concentration and of the
current [96, 112]. The kinetics is quite complicated in this regime and further investiga-
tions are necessary to make clear the role of impact ionization and higher bands in
the hot electron phenomena in Pb, _,Sn, Te and their influence on the shape of I-U curves
and the parameters of current instabilities.

In the experiments [92, 109, 111} the doping level of the “ordinary” impurities did not
influence the threshold field value of the instabilities, and it supported the assumption that
the instability mechanism was the Gunn effect. On the contrary, the addition of In in
Pb, _,Sn,Te had a significant effect on the domain parameters and the I-U curves. In [11]
the high field non-equilibrium electron properties were investigated in n- and p-type
Pb, _,Sn,Te(In) with x = 0.2 to 0.3 and In content =0.5 at%. The In concentration was
large enough to pin the Fermi energy in the band, so that the samples were in the so-called
metal state. The measurements were carried out at low temperatures 4.2 to 40 K under
hydrostatic pressure up to 10° Pa using current pulses ~8 ps long. In n-Pb, _,Sn, Te(ln)
the non-linear I-U curves, N-type NDC, and the domain formation were observed in
electric fields lower than 10 V/cm that is two orders of magnitude less than in undoped
material. The I-U curves had a large hysteresis so that the N-shaped part was observed
only when the field was increased (Fig. 15). The portion of the curve corresponding to the
decrease of the field lay much lower so that the sample conductivity decreased noticeably
after the field pulse. Then the conductivity relaxed slowly to its high initial value during
about ten minutes. In p-type material the field corresponding to the N-part was somewhat
higher (about 20 to 40 V/cm) and the hysteresis was not observed.

The high field domains in the alloys doped with In have properties different from those
of the ordinary Gunn domains. Their velocity depends sharply upon the applied ficld, so
that it is of the order of 10? cm/s at the instability threshold and increases up to =~ 10° cm/s

3*
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Fig. 15. I-U curves of n-Pb, _,Sn,Te(In),
x = 0.21 (metallic state). The length of the
sample was 2.5 mm [11]
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at the field of 40 V/cm, the maximum field value used in {11]. The domain does not disappear
when the field is turned off and remains stable during several ten minutes at 4.2 K. Hall
effect measurements show that the carrier concentration in the domain is strongly reduced
as compared to its initial value whereas the mobility remains unchanged. The most natural
assumption is that the domain formation in the doped alloys is connected with the capture
of hot electrons by the In level. The situation is similar to the concentration instability in
a semiconductor doped with negatively charged impurities [105], and it is one more evidence
for the existence of a barrier that complicates the electron transitions from the band to the
centres and vice versa.

The attempt to investigate the graduate change of the domain properties and the instability
mechanism due to the change of In content in the material was made in [111]. The In
concentration in the samples was 0.03, 0.3, and 0.5 at%, the alloy composition x &~ 0.2,
and the temperature 4.2 K £ T < 77 K. The domain instability was observed in all the
samples and the threshold field was in the range 300 to 500 V/cm, i.e. it was as high as in
undoped material. However, the domain velocity v at temperatures less than 50 K decreased
according to an activation law so that »(5 K)/v(77 K) = 0.2. The increase of In concentration
from 0.03 to 0.5 at% led also to a decrease of velocity. The domain lifetime after switching
off the field also increased according to an activation law when the temperature was
decreased and became sometimes as large as 10 min.

The data obtained in [11] and [111] showed that the In impurity states influenced strongly
the domain instability in Pb, _,Sn Te. Some contradiction between the results of the two
investigations cited can be caused by the use of current pulses of different lengths, 8 ps in
[11] and 10 ns in [111]. It seems reasonable that the slow process of electron transitions
between band and impurity states can manifest itself more prominently for longer pulses.

The phenomena described above were observed when the In level lies in a band (metallic
state). But in the composition range near x = (.25 the level is situated within the gap and
the material becomes semi-insulating because the Fermi energy is pinned to the level. Static
I-U curves of the semi-insulating material were investigated in [10]. The authors of [10]
applied a dc electric field to their samples, not field pulses. In the dark the initial low current
part of the I-U curve was non-linear and could be described by I ~ U2 The physical
mechanism leading to the formation of this part has not been unambiguously established.
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Fig. 16. Dc I-U curves of Pb, _ ,Sn Te(In),
x = 0.25 (dielectric state) in the dark (A, B)
and under infrared illumination (C, D, B).
The length of the sample was 2.9 mm [10]

Probably it was caused by carrier
injection from the contacts into the
semi-insulating sample. However, in
[121] the formation of this part of the
I-U curve was attributed to a ferro-
clectric phase transition [122, 123].
At higher voltages the I-U curves
have an S-shaped part associated in
[10] with the electrothermal break-
down. (The direct evidence for this
interpretation was later found in [113])
Under IR-illumination of samples with

D2 A_?:,'K ionized In impurities the additional
2‘ L I6 =+ ; N-shaped part appeared in weaker
0

field (Fig. 16). It was explained by a
fast decrease of the non-equilibrium
carrier lifetime as their temperature
increased due to the exponential increase of the In trap cross-section. The cross-section
increase was connected with the existence of a barrier for band—In impurity transitions.
The field heating of carriers led to an increase of the capture rate and hence to an electron
concentration decrease resulting in the N-type NDC. These results were later reproduced
in [114] using In-doped thin Pb, _,Sn, Te films with x = 0.22.

The highly conducting non-equilibrium state that appeared due to the breakdown was
shown in [115] to be practically stable in space and time at helium temperatures so that
no diffusion or relaxation of excited carriers could be observed during several minutes (the
duration of the experiment) if only a part of a sample was switched to this state. The local
switching could be done either by illumination of the sample with a local IR-light spot or
by application of a voltage to a part of the sample using a grid of contacts. The increase of
the conductivity after excitation was by about four orders of magnitude. The initial dielectric
state could be restored only by heating the sample to temperatures exceeding 20 K or by
application of microwave pulses (see Section 8). These experiments have demonstrated that
the long-living non-equilibrium electrons appear in the band due to the ionization of
impurities and hence they could not diffuse deeply into the unexcited part of the sample
because of the Coulomb attraction to their native impurity ions. The extremely slow
relaxation rate of the non-equilibrium state showed again the existence of a barrier slowing
down the impurity—band carrier exchange.

6.4 Properties of PbTe(Ga) in high electric field

Let us turn now to the high field properties of PbTe(Ga) [116]. The samples investigated
were semi-insulators at the temperature of liquid helium. At 4.2 K they could be of cither
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n- or p-type conductivity and the concentration of carriers was as low as 10*° to 1012 cm 3.
The carrier mobility was 10° to 10° cm?/Vs. Unlike in [10], where semi-insulating
Pb, _,Sn, Te(In) was investigated in dc fields, short pulses of electric field (0.03 to 40) us
were used here to avoid sample heating. It was found that in fields of 100 to 400 V/cm the
dependence of I on U obeys the law InI ~ E'%, y = 1.9 to 2, which can be explained by
the Poole-Frenkel mechanism [117] or by non-ohmic hopping conduction [118]. At higher
fields ~300 to 1000 V/cm impurity breakdown was observed (some specific features of
the process showed that it was impurity breakdown indeed and not interband breakdown
that was observed in undoped PbTe [96] in the same field region). The breakdown
led to a conductivity increase by a factor of 107 to 10® at 4.2 K. The lifetime of the
non-equilibrium carriers appearing due to the breakdown was very long, of the order of
10° s. When the temperature was increased the lifetime decreased and became less than
107%s at 77K.

It is worth noting that the highly conducting state that appears in PbTe(Ga) as a result
of the breakdown is not spatially uniform. It was established in [116] using a grid of contacts.
The structure of the highly conductive part of the sample changes from one experiment to
another. However, the simple method used in [116] did not allow to investigate the structure
of this state in detail.

So one can conclude that the physical phenomena in semi-insulating PbTe(Ga) are similar
to those observed in In-doped material, and they can also be connected with the long-living
defect states introduced by doping.

6.5 Tunneling spectroscopy of doped lead—tin telluride

It was shown above that the quasi-localized levels influence significantly the hot electron
phenomena in MLTA. However, it is rather complicated to get information on the param-
eters of the level using hot electron data, first, because the hot electron transport is a complex
phenomenon that is influenced by a large number of different factors and many of them
need investigation in their turn, and second, because the distribution function of hot carriers
is wide in energy and so the current is not sensitive to fine details of the level structure.

On the contrary, tunneling spectroscopy uses non-equilibrium carriers with well-defined
energy, so it is a very convenient method to investigate the structure of the density of states
and, in particular, to define position and shape of the quasi-localized levels.

This technique was applied to PbTe doped with Tl or In by Kaidanov and coworkers
[12, 107, 124, 125]. The tunneling structures Pb/Al,O;/PbTe or Pb/ZnS/PbTe were prepared
on bulk crystals of doped or undoped PbTe. Application of the quantizing magnetic field
to the structure and observation of the quantum oscillations of the tunneling current were
used to establish the connection between the bias applied to the structure and the energy
of the injected electrons with respect to the band edges of PbTe. In both undoped and
doped material independently of the kind of impurities a kink on the I-U curves was
observed in the valence band at the energy &, ... — € = 0.235eV. The kink was attributed
to the edge of the second valence band (X extremum).

In the structures with PbTe (0.2 at% TI) an additional peculiarity on the I-U curve was
found [107], ie., a peak at ¢, ,,, — & = 0.222 eV. The peak was situated very close to the
position of the Tl level determined from mobility measurements [8], so the peak was
associated with quasi-localized Tl states. The shape of the peak is close to a Lorentzian (a
Gaussian does not fit to the data) so that the corresponding density of quasi-local states



Carrier Transport and Non-Equilibrium Phenomena in Doped PbTe 39

can be expressed as
0;{¢) = const/[(¢ — gi)z + 93

with y = 2x 1073 eV [107]. The amplitude of the peak is about 10% of the background so
that o, is much less than the density of states in the valence (light hole) band at the same
energy. The observed Lorentzian shape of the impurity level supports the assumption that
the main reason of the level broadening is the hybridization of impurity and band states.
Using this y-value, the lifetime of the quasi-local state can be estimated ast = h/y ~ 10713 s
that is much less than the momentum relaxation time that corresponds to a carrier mobility
of the order of 10* to 10° cm?/Vs common for PbTe. Hence the resonant state of Tl is
relatively short-living.

The situation is quite different in case of In-doped PbTe [12]. Instead of the peak induced
by the quasi-localized level the I-U curve now shows a hysteresis and a series of oscillations.
The interpretation of these peculiarities is rather complicated and we will not reproduce it
here, referring the reader to the original paper [12]. It is worth noting that it was possible [12]
to explain the results on the basis of the model [9, 10] of In-induced centres (see Section 5).
As the model included barriers for the transitions, it could lead to the extremely slow carrier
exchange rate between the centre and the band, which was the main reason for the hysteresis
phenomena. So the tunneling experiments gave a new evidence for the long-living In-induced
state. However, it was impossible to extract any information on the width of the quasi-local
level from these experiments.

7. Optical and Photoelectric Properties of Pb, _ _Sn_Te(In) and PbTe(Ga)
7.1 Optical absorption in the group Ill-doped lead telluride-based alloys

Generally, optical measurements are one of the most reliable tools for the investigation of
impurities in semiconductors. One can get from optical absorption measurements the energy
position of an impurity level and its shift with changing temperature or any other external
factor.

This kind of experiments has been performed for the MLTA doped with different group
111 impurities: B [126), Al {127], In [128], Ga [30], T1 [129]. The general result of these
experiments is the following. For all the group IIl impurities in PbTe only resonant levels
have been detected. The level position depends on the atomic number of the impurity: the
heavier the impurity atom, the lower is the energy of the respective level. Whereas for B,
Al, Ga the levels are rather high in the conduction band, for In they are near its bottom
and for Tl in the valence band (T = 300 K). However, this conclusion is not very strict.
For example, it is known (see Section 2) that there exist several saturation regions in the
dependence n, p(Ng,). Every region is believed to correspond to the formation of a local
or resonant level. Apparently the data reported in [30] correspond to the resonant level
highest in energy.

Most of the optical absorption experiments deal with indium-doped Pb, _,Sn,Te. It has
been shown in [128, 130 to 132] that there exists some additional absorption at energies
below the fundamental one both when the level is resonant (x < 0.22) and when it is local
(0.22 < x < 0.28). This additional absorption was attributed to conduction band-impurity
or impurity—conduction band transitions. The spectra have been taken at temperatures
T > 77 K, so no singularities due to the persistent photoconductivity could be detected.
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In a later paper [65] the measurements have been performed down to helium temperatures.
These data show that the structure of the impurity states is rather complex. Indeed, it has
been observed that the optical absorption in Pb, _,Sn Te(In) decreases in time. This effect
is believed to be due to the fact that part of the absorption is due to the optical
transitions between ground two-electron and metastable one-electron quasi-local states.
The ground and metastable local states and the extended states are separated by barriers
in the configuration coordinate space, so they are long-living (see Section 5). When most
of the metastable states become populated, the sample transparency increases. The
concentration of metastable states has been estimated from these measurements. This value
turns out to be much lower (~10'7 cm~?) than the total indium concentration in the
sample (= 10'° cm™3). The authors of [65] come to the conclusion that the centres may be
impurity—defect complexes.

Very interesting results on the sub-bandgap optical absorption in Pb, ;551 ,,Te(In) are
presented in [133]. A sharp absorption peak at w,,. = 160 cm ™' was observed. This peak
was attributed to the local mode of In in the Pb, _,Sn Te lattice.

7.2 Photoconductivity spectra of the indium-doped lead telluride-based alloys

Infrared illumination of the In-doped lead telluride-based alloys leads to the appearance
of a persistent photoconductivity effect at low temperatures T < 20 K. The effect originates
from the existence of a barrier between the local and extended electron states of the system
in the configuration coordinate space (see Section 5). Generally, it is clear that the red
cut-off wavelength of the photoresponse should be very long provided the characteristic
energies of the electron spectrum are small. However, as long as deep impurity centres are
concerned, the optical activation energy may exceed significantly the thermal one. Measure-
ments of the photoconductivity spectra may provide important information on the structure
of impurity states.

The experimental solution of the problem is not straightforward. Indeed, in an ordinary
spectroscopic equipment there exists a long-wavelength room temperature background
radiation. The photoexcited free carriers accumulate in the bands, therefore this background
radiation may transfer the sample to a highly non-equilibrium state already during the
cooling-down process.

This was understood from the very beginning, so there were not too many attempts to in-
vestigate the photoresponse spectrum. An unusual indirect technique has been proposed in
one of the first papers dealing with the persistent photoconductivity effect in Pb, _,Sn_Te(In)
[134]. A sample with x = 0.25 (dielectric state) has been cooled to T =42K in a
light-tight cell, so initially there were no excited electrons in the conduction band. A carbon
resistor has been used as an internal IR-radiation source. Assuming the radiation to be
black-body-like and comparing the rates of the conductivity rise for different black-body
temperatures, one can deduce the red cut-off energy. It has been shown that the optical
activation energy equals the thermal one within the experimental accuracy of 20%. This
result is not usual for a deep impurity centre which is separated by a barrier from extended
states. However, it can be understood if one takes into account that the electron activation
energy is close to the LO-phonon energy, so the Frank-Condon principle may be violated.

The estimates done in [134] are not very accurate, and it is clear that direct spectral
measurements are much more preferable. These low temperature (T = 4.2 K) measurements
have been performed in [135 to 140] with the ordinary spectroscopic equipment. It means
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that a high concentration of electrons excited by the background radiation existed initially
in the samples. The composition of alloys in all experiments has been chosen x > 0.22 in
order to provide the lowest possible “dark” free electron concentration. In all experiments
[135 to 140] high photoconductivity at sub-bandgap energy has been observed. No
pronounced structure of the photoresponse spectrum has been detected in [137 to 140]. On
the contrary, it has been reported in [135, 136] that the spectral sub-bandgap tail of the
photoresponse consists of several bands. One of them is of Gaussian shape, that is not
usual for impurity photoconductivity. This band is associated in [135, 136] with transitions
between the ground and metastable local states. The question arises, how the transitions
between two local states can contribute to photoconductivity. The explanation presented
in [135, 136] is as follows. Photoexcitation of the transitions leads to an excess population
of the metastable impurity states. The latter may lie on the background of the conduction
band and may be separated by only a small barrier from the extended states. Thus thermal
or background optical excitation would lead to electron delocalization. In fact, [135, 136]
belong to the first papers giving some indications on effects due to the existence of metastable
impurity states in Pb, _ Sn Te(In).

One should pay special attention to a series of papers by Zasavitskii et al. [64, 141, 142],
where the photoconductivity spectra of Pb,_,Sn, Te(In) have been investigated in the
presence of either a controlled flux or complete screening of background radiation.
Far-infrared lasers have been used as radiation sources of definite wavelength. The
photoconductivity spectra measured in [64, 141, 142] seem to be most “clean” from the
experimental point of view. The most interesting effect observed in these experiments is a
negative photoconductivity. The composition of the samples was x = 0.23, so the dielectric
state of the system was realized. When the sample at T = 4.2 K is illuminated by both
long-wavelength background radiation and short-wavelength laser pulses, a strong incre-
ment of the sample resistivity is detected after the pulse end (negative photoconductivity).
If the energy of the short-wavelength laser light E, is lower than some threshold value,
the negative photoconductivity signal coexists with the positive one. If the energy E, is
lowered even more, only positive photoconductivity is observed. The results in [64, 141,
142] have been interpreted in the framework of the mode! taking into account the existence
of a metastable one-electron quasi-local state separated by barriers in the configuration
coordinate space from both extended and ground two-electron local states. Considering
different kinds of optical transitions between those states the authors of [64, 141, 142] came
to the conclusion that the coexistence of the negative and positive photoconductivity signals
may be provided only if there exist metastable one-electron local states. It is assumed that
the direct two-electron transitions from the local ground state E, to the extended one E,
are of negligible probability, transitions of this kind can occur only via the metastable
one-electron local state E,. Rising the light quantum energy E, above the threshold value
results in the excitation of an electron from the valence band to the E, state. A free hole
recombines with the photoexcited free electron during the time ~10~7 s. This process gives
rise to the negative photoconductivity signal. A similar effect has been observed in
experiments of another group [143].

Taking into account the temperature dependence of negative and positive photosignals
the parameters of local states in Pb, _ ,Sn, Te(In) have been calculated in [65] (see Section 5).
However, there are some quantitative discrepancies in the results of calculations [141]. It
means that the simple model can only be applied as a qualitative scheme. However, it fails
if one tries to make quantitative estimates. From this point of view the attempts to calculate
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the dependence of the parameters of the local states on the alloy composition [65] seem to
be of not too much value.

Moreover, the effect of negative photoconductivity has also been detected in experiments
of another group [135, 136], but in the latter case the negative photoconductivity signal
was observed when the sample was illuminated by long-wavelength radiation in addition
to the background one. So one can see that the information concerning this effect is rather
contradictory.

7.3 Peculiarities of the photoconductivity spectra of PbTe (Ga)

The persistent photoconductivity effect is observed in lead telluride doped with another
group 11I impurity, gallium. The effect has been detected in samples being in the dielectric
state. There is a number of papers where the photoresponse spectra of PbTe(Ga) have been
measured. Usually the measurements have been performed at temperatures T = 77 K,
where the lifetimes of photoexcited [ree carriers are not so high (t < 1072s), and the
ordinary spectroscopic techniques are applicable. The common result of these experiments
is the absence of a pronounced impurity photoconductivity. In some papers it is not detected
at all [144, 145], in others only a slight photoresponse with sub-bandgap energies is observed
[62, 146 to 148]. Anyway, this is in contrast to the case of In-doped lead—tin tellurides,
where the amplitude of the impurity photoconductivity was by the order of magnitude
comparable with the band-to-band photoresponse [135, 136]. This is rather surprising,
because the existence of an impurity level with high density of states is well established
from galvanomagnetic measurements [31, 62, 145, 148]. An explanation of this effect has been
proposed in [144]. Direct optical impurity—conduction band transitions in the configuration
coordinate space may have an energy higher than the bandgap. The phonon energies are
much lower than the energies of the electronic spectrum, so the Frank-Condon principle
is not violated, in contrast to the case of Pb, _ Sn Te(In). Thus the impurity photocon-
ductivity band lies on the background of the fundamental absorption and is not seen.

Recently Belogorokhov et al. [144] have observed a high selective photoresponse in the
far-infrared w, = 130 cm ™' in the liquid nitrogen temperature region T = (60 to 65) K in
the PbTe(Ga)-based alloys with the Fermi level pinned within the gap. The spectra have
been taken using a Fourier-transform spectrometer, so the sample has been illuminated by
radiation with a broad excitation spectrum. The energy value corresponding to w,, is much
lower than any characteristic energy of the electronic spectrum of PbTe and impurity
activation energy in PbTe(Ga). At the same time w,, is close to the energy of the LO-phonon
in PbTe wyo = 110 cm ™! [149]. The results in [144] have been interpreted in terms of
phonon- or local mode-assisted transitions from the metastable impurity level to the
conduction band. It is believed that the short-wavelength radiation excites electrons to the
metastable local state that may lie on the background of the conduction band, or at least
close to its edge. The radiation with @ = ), interacts with the lattice, and electrons are
ejected from the metastable state to the conduction band giving rise to the photoresponse.
This result is the first one that is believed to be due to the existence of metastable impurity
states in PbTe(Ga) with pinned Fermi level.

7.4 Infrared reflection spectra of Indium-doped lead—tin tellurides

Most of the papers dealing with the reflection spectra of Pb, _,Sn, Te(In) [150 to 153] do
not provide fundamentally new information with respect to the galvanomagnetic measure-
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ments: it was shown that the plasma frequency increases at low temperatures, that is
apparently due to the persistent photoconductivity effect. The most interesting result in
this range of papers is reported in [151]: it was observed that the hydrostatic pressure
practically does not influence the photoresponse. This is in contrast to the result obtained
in [51], where it was shown that the application of external pressure speeds up the local
level—conduction band transitions in a magnetic field.

Romcevic et al. [154] have observed an additional structure in the reflection spectra of
Pby ;5Sn, ,sTe(In) at temperatures below T, = 20 K, the temperature of appearance of the
persistent photoconductivity effect. An additional oscillator has been introduced into the
usual plasmon—phonon dispersion relation in order to fit the experimental spectra at
T < 20 K. The oscillator strength decreases to zero at T = 20 K with increasing tem-
perature. Its frequency slightly depends on temperature, at T = 42 K it is a little bit less
than the impurity activation energy. The oscillator has been attributed to the optical
transitions between ground and metastable impurity states. Indeed the data presented in
[155] allow to conclude that the metastable impurity level lies just below the conduction
band bottom in the alloy with x = 0.25. This corresponds to the measured oscillator
frequency. The disappearance of the oscillator at T = 20K is believed to be due to the
reconstruction of the Pb, ,5Sn, ,5sTe(In) configuration coordinate diagram with changing
temperature: the barrier separating metastable and ground impurity states disappears, and
the lifetime of the metastable state becomes very small at T > 20 K (Fig. 17). However, no
calculations that could support this interpretation have been presented in [154].

A similar effect has been observed in PbTe(Ga) with the Fermi level pinned within the
gap [156]. In contrast to the case of In-doped samples an additional oscillator is present
in the reflection spectra even at T > T, = 80 K, where the persistent photoconductivity
disappears in PbTe(Ga). However, the oscillator strength sharply rises at T < T,. So the
origin of this additional oscillator is assumed to be the same as in the case of Pb, _ ,Sn Te(In).
It should be noted that [156] together with [144] are the only papers we know that contain
some experimental evidence for the existence of metastable impurity states in PbTe(Ga).

I
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Fig. 17. Reconstruction of the configuration coordinate diagram of the centre in Pby 558n, ,sTe(In)
when the temperature is varied [155]. At T = T, the barrier separating metastable (E;) and ground
(E,) states disappears
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Analyzing the results obtained in {154, 156], it sems to be likely that the appearance of
a persistent photoconductivity effect corresponds to the formation of a barrier in the
configuration coordinate space between ground and metastable impurity states. This
hypothesis explains also the non-exponential photoconductivity relaxation at T < 20K
[64], the dependence of the photoconductivity relaxation rate on the level of initial
photoexcitation [53], and some other effects.

On the other hand, the effects observed in [154, 156] may have a different explanation.
For example, an additional structure has been observed in the reflection spectra of undoped
Pb, ¢Sn,, ,Te at T = (200 to 400) K, w =~ 100 cm ™! [157]. This structure was attributed to
the electron transitions between local and extended states. One cannot exclude that this
structure is due to a local impurity mode, though there exist arguments against this statement
[154].

Spectral measurements of infrared absorption, reflectivity, and photoconductivity reveal
a complex structure of impurity states in the In- and Ga-doped lead telluride-based alloys.
Part of the data give some evidence for the existence of metastable impurity states that
play a significant role in some non-equilibrium effects. However, the results of experiments
do not give clear information on the parameters of these states. Even their energy position
and the shape of the density of states are not well established.

8. Galvanomagnetic and Photoelectric Phenomena under Combined Action
of External Factors

8.1 Electric and magnetic fields

External factors, such as magnetic and electric fields, pressure, infrared illumination, strongly
affect the properties of the group I1I-doped lead telluride-based alloys. This is a consequence
of the fact that the characteristic electronic energies are rather small and may be considerably
modified by varying the above-mentioned parameters. The combined action of external
factors leads to the appearance of new effects. These effects are especially pronounced when
the material is in the dielectric state, i.e. when there are practically no free carriers at low
temperatures. Indeed, in this case a small modification of the respective position of energy
levels (e.g., impurity level and conduction band bottom) results in strong changes of the
free carrier concentration. This is the reason why in most papers investigating this kind of
effects the range of materials is restricted to In-doped lead—tin tellurides, where the diclectric
state may be easily realized.

The unusual galvanomagnetic properties of Pb, _ .Sn, Te(In) under the combined action
of electric and magnetic fields are the first example in this series of effects.

As was discussed in Section 6.3, the current—voltage characteristics (CVC) of Pb, _ . Sn,
- Te(In) with the Fermi level pinned within the gap (dielectric state) are S-shaped at
low temperatures. The rising branch of CVC is superlinear (I ~ U?) at T < 8 K. The
form of the rising branch of CVC at low temperatures is probably determined by the mono-
polar injection of electrons from the contacts. The actual value of the injection current at
a fixed voltage, however, is much lower than it would be expected for an ideal trap-free
insulator. This means that the trapping of electrons plays an important role in the processes
involved.

Some information on the properties of the trapping centres has been obtained in the
experiments with magnetic fields [155]. The Pbg ,5Sn, ,sTe(In) sample with the Fermi level
pinned at 220 meV below the conduction band bottom has been cooled downto T = 4.2 K.
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Fig. 18. Dependence of the sample current on the applied magnetic field for Pb, 55Sn, ,sTe(In) at
T =42K [156]. The figure near the curve is the voltage applied to the sample

Application of a rather low magnetic field H = 0.5 T leads to drastic changes in the rising
branch of CVC. For every fixed voltage the respective value of current increases. By
analogy with the ohmic CVCs one can see that negative magnetoresistance is observed.
The effect has been detected by both four-probe and two-probe techniques. In the latter
case the sample current has been measured as a function of the magnetic field applied.
The results are shown in Fig. 18. The sample current I has a pronounced peak at
H_,, ~ 0.5T. The peak amplitude increases quickly when the applied voltage is raised.
It is interesting to note that in some cases the negative magnetoresistance amplitude is
I(H,,)/I(H = 0) > 108

The effect has been explained in [155] by the motion of a metastable impurity level in
magnetic field. Indeed if this level lies just below the conduction band bottom and is
separated by a relatively small barrier W &~ 1 meV from the conduction band [64, 142], it
may be an effective trap for injected electrons. If the level moves upwards in energy in
magnetic field then its depopulation will lead to an increase of the free electron concentration,
the latter will approach its “trap-free” value, and the sample conductivity will rise. In
magnetic field H = H_,, the conductivity starts to diminish probably due to a mobility
decrease.

This consideration has been supported in [158] by Hall effect measurements. It has been
shown that the Hall coefficient drops significantly in a magnetic field H =~ 0.5 T. The
measurements in [158] have been performed for slightly illuminated Pbg ;5Sng ,sTe(In).
This has been done in order to provide some ohmic conductivity of the sample, because
otherwise correct Hall measurements were impossible. The effect of ejection of electrons
from the traps in magnetic field was clearly seen even on the background of the
photogenerated free electrons.
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8.2 Strong magnetic field and infrared illumination

In the experiments described in [158 to 160} the external infrared illumination has been
used as one more factor affecting the respective position of the quasi-Fermi level and the
energy bands in Pb, _ Sn, Te(In). In fact, it allows to move smoothly the quasi-Fermi level,
because the photogenerated free electrons are long-living. We have seen that for low free
electron concentrations application of a magnetic field H &~ 0.5 T led to the delocalization
of electrons. The more surprising is the fact that for higher magnetic fields H > 5T, on
the contrary, the localization of free photogenerated electrons has been observed [158 to
160]. In these experiments the magnetoresistance of Pb;_,Sn,Te(In) samples has been
measured in pulsed magnetic fields H up to 40 T. The high field installation allows to make
the pulse top flat, of ~0.5s length. It turns out that the sample resistance increases
with time exponentially during the flat top of the pulse. The characteristic time depends
exponentially on the magnetic field and linearly on the temperature,

T H
T=1T|1— —)exp{—]1,
T, Hq

where H, ~ 45T does not depend neither on the sample temperature nor on the
concentration of photoexcited electrons (quasi-Fermi level position), nor even on the amount
of indium in the material. The value of T, ~ (4 to 6) K decreases with increasing free carrier
concentration, and the effect is not observed for T > T,. The value of 7, ~ 1072 s by the
order of magnitude corresponds to the characteristic time of the initial fast drop of the
persistent photoconductivity after the illumination is switched off [53]. The latter process
is associated in some papers (see, e.g., [161]) with the recombination at the metastable
impurity level.

The authors of {158 to 160] have analyzed different possible mechanisms of the effect :
influence of energy band modulation, magnetic freeze-out on shallow impurities, localization
on deep impurity levels. It has been shown that none of them can explain unambiguously
the effect in all details. It seems to be most likely that the effect is due to the localization
of non-equilibrium electrons at the metastable impurity level in a high magnetic field.
However, the arguments given in support of this statement — absence of a dependence of
H, on any external factor, proximity of 7, to the characteristic time of the initial
photoconductivity drop ~ are not quite convincing. Moreover, it has been shown in [158]
that when the free electron concentration is high enough, so that T, becomes less than T,
one observes, instead, the delocalization of electrons. So if all three effects — delocalization
in low magnetic field resulting in giant negative magnetoresistance [155], localization in
high fields at relatively low concentration of photoexcited electrons [158 to 160}, and
delocalization at higher electron concentration [158] — are due to the peculiarities of the
same metastable impurity level, the latter must have a very unusual structure.

8.3 Electric or microwave fields and infrared illumination

One can see that the combined action of external factors reveals some very unusual properties
of the impurity states in Pb, _,Sn,Te(In). Another example of this kind is the combination
of infrared illumination with high electric or microwave fields.

The interest in this problem is strongly stimulated by applied aspects. Indeed, integration
of the light flux in photodetectors is a very efficient way to increase the signal-to-noise
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ratio of a device. In Pb, _,Sn,Te(In) the incident light flux is internally integrated due to
the persistent photoconductivity effect, and no external integrating circuits are needed. This
makes it very attractive to use materials revealing persistent photoconductivity as infrared
photodetectors. However, there arises the problem of erasing the information accumulated
on the photodetector, i.e. the problem of fast quenching of the persistent photoconductivity.

One of the possible solutions of this problem is the application of strong electric field
pulses to the sample contacts, as it has been shown already in the first paper dealing with
the persistent photoconductivity effect in Pb, _ Sn_Te(In) [52). It has been demonstrated
that this quenching is due to the electrothermal breakdown (see Section 6.3).

Electrothermal quenching has a characteristic time ~ 10~ 2 s [10]. In many cases it is too
slow for photodetector systems. Besides that, quenching produced in this way is complete
only in the photomemory regime, i.c. if the light is off. If the photogeneration is permanent,
and the electric field pulses are applied periodically to the sample contacts, the photo-
conductivity quenching will be unstable and not complete: the minimum value of
conductivity after the pulse end is higher than in the initial “dark” state and changes from
pulse to pulse. At last, periodical application of a high electric field to the sample contacts
leads to an irreversible decrease of photoresponse and to its disappearance [162].

Another possibility for information erasing arises from the effect of high field domain
instability which has been observed in Pb, _,Sn, Te(In) alloys with the Fermi level pinned
in the conduction band [11] and in the bandgap [163, 164]. The effect was discussed in
detail in Sections 6.2 and 6.3. It should be noted that after the application of a short
(~1077s) electric field pulse a domain is formed only in part of the sample. The size of
the domain is usually much smaller than the sample length for a bulk crystal, so a
dielectric-like state is formed only in part of the sample and is not very stable in size for
different pulses.

This fast, purely electronic quenching has one disadvantage: the rather low resistance of
the sample after quenching. This is due to the fact that the electric field applied to the sample
is concentrated in a small region, so the injection current and the effective conductivity are
rather high. One must enlarge the high-ohmic region in order to have a higher initial
resistance.

Quenching of persistent photoconductivity by microwave pulses is free from this
disadvantage [162, 165). In this technique either the sample is installed in a microwave
resonator or the microwave pulses are applied directly to the sample contacts. Experiments
described in [162, 165} have been performed on samples with x = 0.25, in which the Fermi
level is pinned within the gap. The microwave frequency was =400 MHz, the power P in
a pulse up to 38 W, the pulse length = 10 ps, and the sample was installed into a resonator.
The sample resistance after the end of every microwave pulse did not differ from the initial
“dark” resistance. Probably the quenching produced in this way is spatially homogeneous,
and no high field domains are formed. Besides that, application of the short microwave
pulses affects the photoresponse after the pulse end. It has been shown in [165] that if the
persistent photoconductivity is quenched by microwave pulses of minimum length and
amplitude necessary, the quantum efficiency of a photoresistor will increase up to =102 An
explanation of this effect of microwave stimulation of quantum efficiency has been proposed
in [165]. Short microwave pulses result in the localization of photoexcited free electrons at the
metastable local states, and not at the ground state. The metastable centres are believed
to form clusters with strong internal interaction via the lattice deformation. So excitation
of an electron from one of the cluster centre may lead to avalanche electron excitation from
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other centres of this cluster. This gives rise to the increment of quantum efficiency. Longer
or stronger microwave pulses localize the photoexcited electrons to the local ground state.

Apparently, the microwave quenching of persistent photoconductivity is due to the direct
interaction of the microwave radiation with free electrons. Indeed, no lattice heating after
the microwave pulse is observed [162]. One of the possible explanations of the microwave
quenching effect is heating of the electron gas by the microwave pulse. In this case one
would expect the quenching efficiency to be independent of the microwave frequency.
However, there exists some evidence that this effect is resonant in frequency. The following
experiment has been performed in [166]. A Pb, 55Sn, ,sTe(In) sample cooled down to 4.2 K
has been included in two electric circuits. The first one has been used for the dc measurement
of sample conductivity, the second one for microwave “pumping” of the sample. The
microwave generator could sweep the frequency in the range (0 to 500) MHz. The pumping
power has been ~50 mW, which is much lower than the minimum power necessary for
quenching, ~900 mW. The dependence of the sample dc conductivity ¢ on the pumping
frequency w has been measured for different exposures to infrared illumination. In the
initial “dark” state no conductivity in the whole frequency range is observed. As the infrared
radiation exposure increases, a sharp peak at w = 280 MHz appears on the a(w) dependence
on the background of a total conductivity rise. After the IR-radiation source is switched
off, the conductivity slowly relaxes to the initial state, but the rate of this relaxation is much
higher outside the peak frequency range than in the peak region. So the state can be reached
that the sample conductivity is negligible for all frequencies except for the region of the
peak. It is interesting to note that there is no zero-frequency dc conductivity. The position
of this peak does not depend on the electric field applied (up to 50 V/cm), but depends
strongly on magnetic field. For H = 2 T the peak shifts to @ = 50 MHz. The sensitivity
of the sample conductivity in the region of the peak to the action of IR-radiation is much
higher than for the initial “dark” state of the sample. The authors of [166] did not give any
clear interpretation of the effect, but indications exist that it is related with the effect of
quantum efficiency stimulation. Indeed, both of them are observed in the same microwave
frequency range. Besides that, it is obvious that in both cases the sample is transferred to
a metastable high ohmic state that is much more sensitive to the action of IR-radiation
than the initial dark state. So it seems to be likely that the relaxation of photoexcited free
electrons to metastable impurity states is responsible for both these effects.

One can see that the metastable impurity states play an important role in a series of very
unusual non-equilibrium effects observed in Pb, _ Sn_ Te(In). However, the main properties
of these states, for example, the profile of the density of states, are not yet well established.
There exist only some very vague estimations of what should be their main features.
Substantial experimental and especially theoretical efforts are needed to clarify the
situation.

9. Photodetector Systems Based on Pb,_ Sn Te(In): Applied Aspects

In this section we will consider the prospects of the application of the In-doped lead—tin
tellurides in infrared photodetector systems. Some properties of these materials make the
idea to use them as IR-photodetectors very attractive.

First of all, doping with In allows to obtain rather easily samples with very high spatial
homogeneity of electric parameters and with very low background free carrier concentration,
when the Fermi level is pinned within the gap.
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Besides that, the lifetime of photoexcited electrons may be varied in a wide range (1073
to 10°)s by means of changing temperature or alloy composition. The parameters of
Pb, _,_,Sn,Ge,Te(In) photodetectors are D* = 1.7 x 10**> cm Hz"/* W™ ' at T = 20K and
D* = 10'2cm Hz/2 W~ ! at T = 40K [140].

Generally, integration of an incident radiation flux results in a considerable increase of
the signal-to-noise ratio. However, for most photodetectors the output signal is proportional
to the intensity of incident radiation, so external circuits or charge coupled devices are
needed for the signal integration. This makes the technique of photodetector fabrication
rather sophisticated, and the dynamical range of these devices is not very high. In case of
Pb, _.Sn,Te(In) this problem may be solved simply by lowering the temperature, and the
photosignal is integrated due to the persistent photoconductivity effect. The microwave
quenching of the persistent photoconductivity gives the possibility to restore quickly (within
1 to 10 us) the initial state of the photodetector. This value gives the maximum operating
rate of the photodetector ~100 kHz to 1 MHz.

We have constructed a laboratory model of an IR-radiometer based on Pb, _,Sn Te(In)
working in the regime of periodical accumulation and successive fast quenching of the
persistent photoconductivity. Estimations of the detectivity of this radiometer gave
D* ~ 10'® cm Hz'/* W™! for the operating rate 100 Hz and the cut-off wavelength
A = 50 pm. The measurements were performed in the background-free regime.

The maximum operating rate is not very high. However, it may be not so important, for
example, for the construction of a focal-plane matrix on Pb, _,Sn Te(In). Indeed, local
illumination of the sample leads to local photogeneration, and excited electrons do not
diffuse from the region of generation [167]. It means that the distribution of the radiation
intensity on the sample surface is reflected in the distribution of long-living free electrons,
so the sample itself is a kind of “continuous” matrix. Both contact and non-contact readout
techniques are possible. However, these ideas are not yet realized in practice.

At last, the Pb, _Sn,Te(In) photodetectors are very stable with respect to the action of
hard radiation. The measurements performed by Skipetrov and Ryabova [168] have shown
that the photoresponse does not change after fast electron irradiation with fluences up to
10*7 cm~2. This value is at least by four orders of magnitude higher than for Hg, .Cd, Te
or doped Ge and Si. This is the consequence of the Fermi level pinning effect.

The biggest disadvantage of Pb, _,Sn, Te(In) photodetectors operating in the regime of
internal integration is the very low operating temperature T < 20 K. Though the tem-
perature must be lowered for any photodetector operating in the wavelength range
A = 50 um, this restricts the field of possible applications of these photodetectors. In our
opinion, the Pb; _ Sn, Te(In)-based photodetectors are ideal for infrared astronomy.

10. Concluding Remarks

The facts presented in the preceding sections have demonstrated a variety of non-
equilibrium electron effects in MLTA. The experiments carried out in quantizing magnetic
or high electric field, tunneling and optical data give unambiguous evidence for the existence
of doping-induced quasi-localized electron levels in MLTA, and their main properties are
found for some impurities. However, in other situations, for example, when infrared or
microwave excitation is added, many unresolved questions remain. In addition, the
information about the energy spectrum of the defects is insufficient and sometimes
contradictory. It complicates the interpretation of the experimental data.

4 physica (a) 137/1
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On the one hand, further investigations of the parameters of the doping-induced centres
are necessary as the basis for a study of the non-equilibrium processes. The microscopic
structure of the centres, the characteristics of their energy levels, and other parameters are
to be established. Here different spectroscopic methods such as optical, tunneling, and
maybe DLTS and acoustic spectroscopy could be very useful. The phase transitions in
MLTA and their influence upon the electron properties also need further investigation.

On the other hand, the application of the powerful methods of the modern hot electron
physics such as, e.g. time-resolved photoluminescence spectroscopy, spatially resolved
absorption and luminescence measurements [169], the recently developed electron mi-
croscopy-based technique [170], spatially resolved photocurrent measurements [171] would
give additional information on the carrier distributions in energy and space and on the
relaxation processes. Then a better understanding of the complicated and interesting physics
of the non-equilibrium electron phenomena in MLTA could be reached.
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