
Abstract. This paper reviews unusual photoelectric effects ob-
served in doped narrow-gap PbTe-based semiconductors ex-
posed to intense terahertz laser pulses. It is shown that in some
cases these effects are due to those (nontrivial) local electronic
states that, unlike ordinary, spectrally defined impurity states,
are linked to the quasi-Fermi level, whose position can be varied
by changing the degree of photoexcitation.

1. Introduction

The list of demanded functional properties of semiconductors
is continuously widening. This natural process is determined
both by expanding the scope of various practical applications
and the refinement of technologies and the development of
theoretical concepts revealing new aspects in the study and
applications of known semiconductors. As applied to lead
chalcogenide-based solid solutions, an example is the predic-
tion [1] and subsequent experimental observation [2, 3] of
topological phases on the surface of samples with the inversed
spectral structure. Particular interest in doped lead telluride
as a thermoelectric material is motivated by the specific

features of impurity states, forming in a number of cases
energy levels (or impurity bands) with a high electron density
against the background of allowed energies. Calculations [4]
have demonstrated that the delta-like shape of the density-of-
states function leads to an increase in the thermoelectric
Q-factor. This conclusion was experimentally confirmed in
numerous recent studies, in particular, those devoted to the
study of PbTe(Tl) and PbTe(In) [5±8]. The preparation of
lead chalcogenides in the form of colloidal nanocrystals is
promising for their use in solar batteries [9]. Nevertheless, one
of the main applications of these solid solutions concerns
optoelectronics.

Traditionally, lead chalcogenide-based solid solutions
have been considered as promising materials for photo-
detectors and infrared (IR) lasers [10, 11]. However, the
unique properties of some impurities [12±14] considerably
changed the notion of the spectral-sensitivity range of doped
Pb1ÿxSnxTe�In�. In this review, we discuss studies of the
photoconductivity of doped Pb1ÿxSnxTe solid solutions in
the terahertz spectral range.

The paper outline is as follows. The main material of
the review is presented in Sections 2±5. Section 2 is devoted
to the properties of Pb0:75Sn0:25Te�In� single crystals. The
choice of the composition x � 0:25 and indium as a dopant is
not accidental, being determined by the energy level diagram.
The peculiarities of the formation of impurity states in
Pb1ÿxSnxTe�In� solid solutions are caused by the correlation
interaction in the impurity center/nearest crystal environment
and, as a result, by a variable valence of the impurity [14, 15].
The presence of a few charge states of the impurity atom leads
to the formation of a system of impurity levels, stabilization
of the Fermi-level location, and the emergence of long-term
relaxation processes of electronic distributions at low tem-
peratures, and possibly, to the persistent photoconductivity.

Figure 1 shows a reconstruction diagram of the energy
spectrum of indium-doped lead telluride±tin telluride alloys
[16]. The stabilized Fermi level is shifted down along the
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energy scale as the mole fraction x of tin telluride in the alloy
increases, and at x � 0:25 the Fermi level is located 20 meV
below the conduction band bottom, ensuring the formation
of a semi-insulating state at low temperatures.

High concentrations of free charge carriers in undoped
solid Pb1ÿxSnxTe solutions caused by intrinsic electrically
active defects have considerably restricted the possibility of
using this material for manufacturing photodetectors. The
preparation of semi-insulating solid solutions stimulated the
study of photoconductivity in this material. Studies in the
terahertz spectral range were initiated by the experimental
result [17], according to which solid solutions of this
composition proved to be sensitive to photon energies much
lower than 20 meV. The photoconductivity was observed up
to a radiation wavelength of 241 mm, which exceeds the long-
wavelength threshold l � 220 mm of photoeffect for uniaxi-
ally stressed Ge�Ga� [18], which was considered maximal for
highly sensitive photodetectors.

Experimental investigations of the photoconductivity of
Pb0:75Sn0:25Te�In� single crystals in the terahertz range
revealed that the photoconductivity of these materials is
determined by a new type of impurity states, whereas the
long-wavelength threshold of photoconductivity is virtually
absent [19]. This result stimulated the study of photoconduc-
tivity in the terahertz region in strongly degenerate PbTe�In�.
Section 3 is devoted to the study of terahertz photoconductiv-
ity in PbTe(In) films with a variable microstructure. In
Section 4, we discuss the influence of a magnetic field and
electric current on the character of terahertz photoconductiv-
ity in Pb1ÿxSnxTe�In� with a variable composition x.

Indium is not a sole dopant providing the photoconduc-
tivity of lead telluride in the terahertz spectral range. Section 5
is concerned with the consideration of terahertz photocon-
ductivity in lead telluride doped with gallium and vanadium.

In concluding Section 6, we discuss the outlook for
practical applications of the materials under study as
photosensitive sensors in the IR and terahertz spectral ranges.

2. Semi-insulating solid solutions
Pb0.75Sn0.25Te(In)

The spectroscopy of photoelectric characteristics, in particu-
lar, photoconductivity, is one of the basic experimental
techniques for determining the location of energy levels in
semiconductor spectrum. At the same time, the direct
application of such techniques to materials with persistent

photoconduction is quite complicated: standard cryogenic
spectral equipment does not shield a sample from the
background radiation inherent in any spectrometer. How-
ever, if a semiconductor exhibits persistent photoconductiv-
ity, this background radiation will excite many nonequili-
brium charge carriers in the sample during its cooling already
before the beginning of the experiment, and therefore the
experiment cannot be started from the ground `dark' state.
This problem is even more aggravated for narrow-gap group
IV±VI semiconductors, because the characteristic energies of
their spectra are lower than those for wide-gap semiconduc-
tors; therefore, room background radiation acts more
efficiently.

Photoelectric phenomena in materials with persistent
photoconductivity can be studied by two methods. The first
one, so-called low-background, assumes the total shielding of
a sample from thermal background radiation. A disadvan-
tage of the low-background approach is the formation of a
complicated spectrum of radiation incident on the sample and
the subsequent complexity of determining the spectral
characteristics of a photodetector.

To overcome this disadvantage, the high-background
method is applied when the sample is not shielded from
background radiation. In this case, external radiation sources
with a calibrated intensity and spectrum can be used.
However, they should be high-powerful enough to obtain a
photoresponse amplitude noticeable against the background
signal from free nonequilibrium charge carriers excited by
background radiation. This approach was applied to analyze
the mechanisms of photoconductivity in Pb1ÿxSnxTe�In�
irradiated by high-power 100-ns laser pulses at 90, 148, 280,
and 496 mm [20, 21]. The laser radiation power was controlled
with a photon avalanche detector [22]. The typical diameter of
a laser beam was 1±3 mm. Measurements with a pyroelectric
camera revealed that the laser beam had virtually a Gaussian
shape [23]. The measurement technique is described in detail
in papers [20, 21, 24].

Background irradiation in Pb0:75Sn0::25Te�In� single crys-
tals provided an increase by more than four orders of
magnitude in their conductivity compared to that in the
dark state [25]. Nevertheless, irradiation by laser pulses at
different wavelengths even in the presence of this background
radiation induced a strong photoconductivity signal Ds.
Depending on experimental conditions, the photoresponse
could be either positive or negative. At low temperatures, the
positive photoconductivity with characteristic relaxation
times considerably exceeding the laser pulse duration dom-
inates. As the temperature is increased, the sign of the signal
changes to negative, and the kinetics of Ds repeat the time
profile of the laser pulse (Fig. 2) [24, 25].

Considerable differences in the type of change in the
amplitudes of negative and positive signals Ds were found
when the incident radiation power was varied with the help of
attenuators inserted into the laser beam. The dependences of
Ds�N�=s0 (s0 is the initial photoconductivity at a given
temperature) on the number N of photons incident on a
sample per unit time in the case of positive photoconductivity
(T � 4:2 K) are substantially different for different incident
radiation wavelengths. In the case of negative photoconduc-
tivity (T � 25 K), experimental points for different excitation
wavelengths fall, in fact, on the same curve, at least in the
region of smallN. This means that the formationmechanisms
of the positive and negative photoresponses are distinct. The
negative photoresponse observed at higher temperatures is

0.1 0.4

200

150

100

50

0

ÿ50

ÿ100 Ev

x

Ec

EF

E, meV

0.2 0.3

p-type metal

n-type metal

Semi-insulating state

Figure 1. Energy-spectrum reconstruction diagram for solid solutions
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probably caused by the heating of free charge carriers by the
laser pulse, resulting in a decrease in their mobility at
invariable concentration [24].

Measurements of the Hall voltage kinetics during irradia-
tion by laser pulses in magnetic fields with different strengths
[26] confirmed the previous assumption [25] that the low-
temperature persistent photoconductivity is caused by the
generation of nonequilibrium charge carriers (Fig. 3). Thus,
the positive photoconductivity of Pb0:75Sn0:25Te�In� for
T < 10 K is in compliance with the operation principle of
photon radiation detectors. The long-wavelength threshold
of the photoeffect for this detector exceeds 496 mm. More-
over, available experimental data give grounds to assume that
the ionization energy of metastable impurity states is close to
zero.

Figure 4 demonstrates the dependence of Ds=s0 on the
incident radiation frequencyo for a fixed photon flux density
N � 6� 1023 sÿ1 at 4.2 K, i.e., for positive persistent photo-
conductivity. The dependenceDs=s0�o� is close to linear one.
Extrapolation by a straight line drawn through experimental
points by the method of least squares to the zero signal
Ds � 0 gives a nearly zero frequency.

The virtual absence of the long-wavelength threshold of
the photoeffect is also confirmed by another important

argument. All experiments in the terahertz region were
performed with background irradiation of samples provid-
ing a concentration of nonequilibrium charge carriers of
order 1017 cmÿ3. This corresponds to the location of the
quasi-Fermi level by � 10 meV above the conduction band
bottom. This value considerably exceeds the laser photon
energy of 2.5 meV (wavelength 496 mm), 4.4 meV (280 mm),
and even 8.4 meV (148 mm). Therefore, local states respon-
sible for the appearance of positive persistent photoconduc-
tivity should be separated from the quasi-Fermi level by no
more than 2.5 meV.

Studies of degenerate semiconducting n-PbTe(In) films
confirmed that the terahertz photosensitivity of solid
Pb1ÿxSnxTe�In� solutions are provided by some specific local
electronic states resided near the quasi-Fermi level [19, 27].

3. PbTe(In) films

In indium-doped lead telluride, the Fermi level is stabilized by
70 meV above the conduction band bottom. The electron
concentration reaches 6� 1018 cmÿ3, providing a high degree
of degeneracy of the electron gas and a high low-temperature
conductivity of samples. To study the photoconductivity of
PbTe(In) samples, it is preferable to invoke films because they
provide more uniform photoexcitation over the volume and
more intense signals.

3.1 Influence of the microstructure on transport properties
The conductivity and photosensitivity of semiconducting
films are determined by both volume and surface states, and
in the case of polycrystalline films also by the peculiarities of
the formation of intercrystallite boundaries [28, 29]. By
changing the microstructure, we can change the type and
character of conductivity, induce a persistent photoconduc-
tivity, and exert influence on the temperature of its appear-
ance. All these processes have been observed in nano- and
polycrystalline indium-doped lead telluride-based films [30±
34]. The character of the photoconductivity in PbTe(In) films
in the terahertz spectral region also proved to be quite
sensitive to their microstructure [35].

The films under study can be conventionally divided into
two groups: nanocrystalline films with grain diameters
smaller than 200 nm, and polycrystalline ones with grain
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diameters larger than 300 nm. Figure 5 displays X-ray
diffraction spectra of films of both types and a high-
resolution electron microscope image of the film section
throughout the depth. All the films have a columnar
structure with the columns oriented perpendicular to the
substrate plane (in this case, the column diameter is taken as
the crystallite size). However, columns in nanocrystalline
films have no predominant crystallographic orientation,
whereas polycrystalline films exhibit a distinct textureÐa
distinguished crystallographic direction. The appearance of
the texture is accompanied by a change from hole to electron
type conduction and a qualitative change in the transport
mechanism of charge carriers [36].

The temperature dependences of the electric conduction
of nanocrystalline films are characterized by the presence of
the activation region at high temperatures and the appearance
of persistent photoconductivity for T > 150 K (Fig. 6). These
effects are in noway related to the bulk properties of PbTe(In)
grains, but are due to the formation of inversion channels
with the hole conduction on their surface [28, 32, 37, 38].
Intercrystallite barriers appearing in the process provide
modulation of the band relief. Activation segments in the

temperature dependences of the conductivity are determined
by the activation energy for the mobility threshold, while the
persistent photoconductivity by recombination barriers
appearing due to the spatial separation of nonequilibrium
charge carriers.

That the carrier transport in nanocrystalline films
depends precisely on structural features is confirmed by the
frequency dependences of components of the total impedance
[32±38]. Figure 7 illustrates the impedance spectra (depen-
dences of the imaginary part Z 00 of the impedance on its real
part Z 0, where a variable parameter is frequency f ) of p-type
films with different grain sizes, measured at 77 K with
shielding from background radiation. The inset shows the
impedance spectra of the same films measured with illumina-
tion bywhite light from aminiature incandescent lamp placed
directly into the measurement chamber.

The impedance spectra clearly exhibit two frequency-
resolved branches. This points to the fact that the conductiv-
ity of samples is determined by contributions from two
transport mechanisms: one of which dominates in the low-
frequency region, and the other in the high-frequency region.
In the dark, each of the branches is close to a semicircle,
corresponding to an equivalent circuit consisting of two
parallel RC chains with frequency-independent parameters
R (resistance) and C (capacitance). Analysis of the frequency
dependences of components of the total impedance and
impedance spectra of samples in the equivalent-circuit
context showed that the low-frequency branch corresponds
to the charge transport along inversion channels on the
surface of grains, whereas the high-frequency branch corre-
sponds to transfer over intercrystallite barriers [32]. This
conclusion is confirmed by the fact that the calculated
capacitance for the low-frequency branch exceeds the
capacitance corresponding to the high-frequency semicircle
of the impedance spectrum by more than three orders of
magnitude. Such high values of the low-frequency capaci-
tance can be provided by a branched network of inversion
channels on the surfaces of grains [28, 29]. The resistance
corresponding to the high-frequency branch drastically
decreases in the presence of background irradiation. Such a
process is associated with a decrease in the height of
intercrystallite barriers during the generation of nonequili-
brium carriers.
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The increase in the crystallite site and the appearance of
the distinguished crystallographic direction in the orientation
of grains in n-type PbTe(In) films is accompanied by the
appearance of properties similar to those of single-crystal
samples [39]. The temperature dependence of the conductivity
of such films is typical for degenerate semiconductors (see
Fig. 6), the conductivity being so low that it is impossible to
take an informative impedance spectrum. As in PbTe(In)
single crystals, the persistent conductivity in n-type films
emerges at temperatures below 25 K [36]. All this suggests
that the transport of carriers and the photoconductivity of
polycrystalline films determine the crystallite bulk character-
ized by stable electrophysical parameters and a stable
location of the Fermi level. Studies of the photoconductivity
in the terahertz spectral region have shown that the kinetics
and even the sign of a photoresponse are different for nano-
and polycrystalline films [27, 35, 40].

3.2 Photoconductivity in the terahertz spectral range
Photoconductivity in the terahertz spectral range was studied
for films with grains 60 nm (nanocrystalline films with
properties determined by the modulation of the band relief)
[35] and 300 nm (analogs of PbTe(In) single crystal samples)
[27, 40] in size. Noticeable photoresponses were observed in
all films irradiated by laser pulses at 90, 148, and 280 mm in
the entire temperature range under study, T4 150 K.

Unlike single-crystal Pb1ÿxSnxTe�In� samples, the photo-
response of nanocrystalline PbTe(In) films is negative in the
entire temperature range. The photoconductivity kinetics
exhibit persistent behavior, which is especially pronounced
at low temperatures (Fig. 8).

Positive terahertz photoconductivity with the same
characteristic features as in Pb1ÿxSnxTe�In� single crystals

was revealed in PbTe(In) films with grains 300 nm in size.
Figure 9 shows typical kinetic curves for the relative
photoconductivity of a PbTe(In) film irradiated by laser
pulses at different wavelengths. Dashed curves in this figure
depict time dependences of the total energy (integrated
power) for each laser pulse. The almost complete coincidence
of the Ds=s0�t� dependences with the total pulse energy
indicates that a polycrystalline film is a variant of an
integrating radiation detector.

Background irradiation during experiments leads to twice
as much conductivity in a polycrystalline film as that in the
absence of this radiation. This corresponds to an increase in
electron concentration up to 1:2� 1019 cmÿ3 and the increase
in Fermi energy by � 30 meV with respect to its value in the
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equilibrium dark state. Before the propagation of a laser
pulse, the quasi-Fermi level is located � 100 meV above the
conduction band bottom. Nevertheless, a noticeable photo-
response is observed for a photon energy lower than 10 meV.
This precludes the possibility of photoexcitation of charge
carriers from the impurity level stabilizing the Fermi level
location. In fact, a fraction of electrons with energies close to
the quasi-Fermi level energy does not contribute to transport
processes without additional activation. It is important to
note that photoconductivity induced by terahertz irradiation,
like photoconductivity in the presence of background irradia-
tion, is persistent. In addition, the positive photoresponse
cannot be caused by a change in mobility due to electron-gas
heating. Therefore, laser pulses promote generation of long-
lived majority charge carriers.

The fact that excitation of electrons by a terahertz laser
pulse is related to the states `linked' to the position of the
quasi-Fermi level was most conclusively confirmed in the
experimental study of the kinetics of terahertz photoconduc-
tivity in PbTe(In) films by varying the location of the quasi-
Fermi level [27].

The energy of the quasi-Fermi level was additionally
increased by pumping nonequilibrium charge carriers with
series of laser pulses. After sample cooling in the presence of
background irradiation, a series of 200 90-mm laser pulses was
applied. This resulted in a � 20% increase in the sample
conductivity, and in a � 10-meV heighten of the quasi-Fermi
level energy with respect to a level position in the case of
background irradiation. The photoconductivity kinetics upon
laser excitation at different wavelengths was examined before
and after irradiation by a series of laser pulses. The kinetic
curves Ds=s0�t� are shown in Fig. 10. The shift in the quasi-
Fermi level did not change the relative signal amplitude.

Figure 11 exemplifies a diagram illustrating the relation-
ship between characteristic energies in the PbTe(In) spectrum
under equilibrium dark conditions and in the presence of
background irradiationwith different intensities. It is obvious
from this diagram that excitation of nonequilibrium carriers
by laser pulses is related to the states located in the
neighborhood of the quasi-Fermi level.

A comparison of data for films with different microstruc-
tures shows that the formation of the photoresponse in the
terahertz wavelength range is sensitive to the type of surface
states and film microstructure. In films with a complex
microstructure, a number of additional factors affecting
their photosensitivity should be taken into account. Thus, it
is well known that inhomogeneous high energy-gap semicon-
ductors exhibit IR quenching of persistent photoconductivity
[41]. In this case, the energy of an exciting photon should be
much lower than the energy gap but comparable to the
recombination barrier height. On the contrary, the heating
of the electron gas can reduce the activation energy by the
mobility threshold, resulting in a photoresponse increase.
Each of these factors can considerably depend on the
microstructure and character of surface states.

Of most interest are data obtained for a polycrystalline
PbTe(In) film. Experiments confirm that solid solutions
Pb1ÿxSnxTe�In� contain impurity states of a new type which
have not been observed in other doped semiconductors so far.
The formation mechanism of these states and their micro-
scopic nature are still unclear. Taking into account that one of
the analogies of observed effects can be the appearance of a
gap in the spectrum of one-electron excitations at the Fermi
level in superconductors, it is interesting to study the
photoconductivity of solid Pb1ÿxSnxTe�In� solutions in a
magnetic field by varying an electric current in the sample
circuit.

4. Influence of the electric current
and magnetic field on the terahertz
photoconductivity of solid solutions
Pb1±xSnxTe(In)

The character of changes in the terahertz photoconductivity
of solid Pb1ÿxSnxTe�In� solutions in the parameter space
`alloy composition±electric current through a sample±mag-
netic field' was studied in paper [42].
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Figure 12 depicts the dependence of the relative positive
photoresponse Ds=s0 (s0 is the conductivity in a magnetic
field in the initial state of the sample) in the Pb0:75Sn0:25Te�In�
alloy on the appliedmagnetic field for different terahertz laser
radiation wavelengths. The magnetic field, like exciting laser
radiation, was directed perpendicular to the sample surface
(see inset to Fig. 12).

The ratioDs=s0 (Ds is the photoconductivity after the end
of a laser pulse) demonstrates a change in the concentration of
nonequilibrium carriers generated by laser radiation, because
the mobility-related contribution to the conductivity is
excluded. One can see that the dependence of the relative
photoconductivity on the magnetic field has a pronounced
maximum. The magnetic field strength corresponding to
the maximum is proportional to the laser photon energy.
Such a dependence on the magnetic field is quite typical for
the cyclotron resonance manifested in the photoconductivity
signal (see, for example, Ref. [43]). Assuming that the
observed maxima are really related to the cyclotron reso-
nance, we can estimate the effective mass as meff � 0:05m0.
This is close to the real known value of meff in
Pb0:75Sn0:25Te�In� [13]. At the same time, for the cyclotron
resonance type effect, a strong dependence of the photo-
conductivity amplitude on the direction of circular polariza-
tion of incident radiation could be expected. However,
measurements have shown that such a dependence is
lacking. The nature of this effect has not been described in
more detail so far.

A series of experiments have been carried out with
Pb1ÿxSnxTe�In� samples with the composition changing in
the range 0:22 < x < 0:29. This allowed studying the type of
change in the terahertz conductivity for alloys with different
configurations of the mutual position of the stabilized Fermi
level and the edges of the allowed bands (see Fig. 1). It turned
out that the positive terahertz photoconductivity drastically
decreased in p-type alloys (x > 0:26). At the same time, the
negative photoconductivity related to the heating of charge
carriers remains. Notice that, during the transition of the
stabilized Fermi level through the middle of the forbidden
band caused by a change in the alloy composition, the type of
photoexcited charge carriers also changes: while for x4 0:25,
nonequilibrium electrons are photogenerated, the positive

photoconductivity for x5 0:26 corresponds to excitation of
nonequilibrium holes [42].

Because the amplitude of the positive persistent photo-
conductivity in p-type alloys drastically decreases, the
negative photoconductivity observed during the laser pulse
propagation and related to the heating of charge carriers
becomes noticeable against the positive photoconductivity
background at the liquid-helium temperature as well. It is
important to note that the amplitude of negative photo-
conductivity is almost independent of the current flowing
through the sample, whereas the amplitude of positive
persistent photoconductivity decreases several-fold with
increasing current by approximately an order of magnitude
(Fig. 13). In this case, the current±voltage characteristic of the
sample in the initial state is linear.

The data obtained in paper [42] demonstrate that the
appearance of local electronic states responsible for the
emergence of the terahertz persistent photoconductivity in
Pb1ÿxSnxTe�In� alloys is suppressed by the electric field. In
addition, it seems likely that the density of such states
drastically decreases upon transition to p-type conductivity
in alloys with x5 0:26. The local electronic states responsible
for terahertz photoconductivity did not decay in magnetic
fields in our experiments. One ought not to exclude the
explanation that the magnetic fields used in the experiments
were not simply strong enough.

5. Features of the photoconductivity
of semi-insulating PbTe(V)
and PbTe(Ga) samples

Unlike strongly degenerate PbTe(In) alloy, the doping of lead
telluride with gallium [10, 14, 44±46] and vanadium [47±50]
ensures the formation of a semi-insulating state at low
temperatures. Impurity levels stabilizing the location of the
Fermi level fall in this case into the forbidden gap. In
PbTe(Ga), the Fermi level is stabilized near the middle of
the gap by � 70 meV below the conduction band bottom Ec;
in PbTe(V), it is by � 20 meV below Ec (Fig. 14). The
majority charge carriers in all cases are electrons.

Despite the fact that the concentrations of charge
carriers in both PbTe(Ga) and Pb(Te)(V) samples at low
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temperatures are close to intrinsic values, persistent photo-
conductivity was revealed only in PbTe(Ga) for T < Tc �
� 80 K (Fig. 15). PbTe(V) samples remain in the semi-
insulating equilibrium state during background irradiation
as well.

Because the energy spectrum, basic properties, and
theoretical models describing the impurity states of gallium
in solid PbTe solutions are described in detail in monograph
[10], we will analyze only recent experimental results on the
terahertz photoconductivity of PbTe(Ga). The data concern-
ing the properties of PbTe(V) will be considered in more
detail.

5.1 PbTe(V)
5.1.1 Impurity states of vanadium in lead telluride. The Fermi
level stabilization effect upon doping with vanadium was
most conclusively confirmed in studying the modification of
the energy spectrum of solid Pb1ÿxÿySnxVyTe solutions
subjected to hydrostatic compression [49±52]. Energy-spec-
trum-reconstruction diagrams show that the Fermi-level
energy is shifted down along the energy scale both with
increasing x and under pressure. Transitions from the semi-
insulating to the metal states are observed. Nevertheless,
available data [49±52] ambiguously determine the location
of the Fermi level in PbTe. According to the studies of a few
series of Pb1ÿxÿySnxVyTe samples, the Fermi level in PbTe(V)
can be located in the conduction band [49], directly below its
bottom or at a distance of� 20 meV from its edge Ec [51, 52].
The latter value best correlates with the results of studying the
temperature dependences of the resistance, concentration and
mobility of charge carriers in single-crystal PbTe(V) samples
with a variable impurity concentration NV [48]. For a
comparatively low doping level (NV 4 0:21 at.%), the prop-
erties of samples are completely identical: at T � 10 K, the
electron concentration does not exceed 108 cmÿ3, while the
mobility amounts to 105 cm2 Vÿ1 sÿ1. However, in samples
with a maximum vanadium concentration of 0.26 at.% at
temperatures below 30 K, the resistivity r proves to be
considerably lower than in other samples. The decrease in r
is caused by a drastic (more than an order of magnitude)
increase in the electron mobility.

Studies of conductivity in alternating electric fields with
frequencies up to 1 MHz revealed that the impedance spectra
of samples are represented by one branch, irrespective of the
vanadium content in crystals (Fig. 16) [48]. How much these
branches correspond to the constant parameters R and C of
the equivalent electric circuit can be clearly demonstrated by
studying the frequency dependences of the real part s 0 of the
conductivity calculated directly from experimental data. For
a sample with NV � 0:08 at.%, s 0 is frequency-independent.
A real part of the conductivity of a heavily doped sample with
NV � 0:26 at.% increases with f as s 0 � f a, where a � 1:35.
Thus, the equivalent circuit with frequency-independent
parameters R and C corresponds only to samples with a low
vanadium content. The powerlike frequency dependence of s 0

in a sample with the maximum impurity content demon-
strates a change in the charge-transfer mechanism with
increasing doping level and the possible manifestation of

Eg � 190 meV

EGa
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L�6

Figure 14. Diagram illustrating the mutual location of the edges of the

allowed bands in PbTe and impurity indium, gallium, and vanadium levels

stabilizing the position of the Fermi level. L�6 and Lÿ6 are electronic terms

forming allowed bands.
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correlation effects between impurities [53]. The possibility of a
considerable broadening of the vanadium impurity level
located inside the gap is also pointed out in paper [52].

Magnetic measurements show that the value of the
effective magnetic moment per impurity atom corresponds
to neither of the known charge states of the vanadium atom.
This confirms the manifestation of the mixed valence of the
vanadium impurity in lead telluride. The distribution of
vanadium atoms over different charge states and the relation
between these charge states depend on NV [48].

5.1.2 Photoconductivity in the terahertz spectral region.
Photoconductivity in the terahertz spectral region was
studied in PbTe(V) samples with a low impurity content
NV � 0:08 at.% [54]. Noticeable photoresponses were
observed in the entire temperature range from 8 to 300 K.
Typical dependences illustrating the photoconductivity
kinetics at different temperatures are illustrated in Fig. 17
for the most long-wavelength 280-mm laser pulse. An
important distinctive feature of these data is that the
maximum amplitude Dsmax of the photoconductivity
increases by approximately three orders of magnitude with
increasing temperature to 300 K. In this case, the maximum
relative change Dsmax=s0 in the conductivity decreases with
temperature approximately by an order of magnitude [54].

A comparison of the maximum photoresponse amplitude
Dsmax with the dark conductivity s0 reveals that changes in
these parameters are correlated (Fig. 18). The increase in s0
with temperature is caused by the increase in the concentration
of free electrons. The increase in the positive photoconductiv-
ity in the presence of constant background irradiation can be
caused only by the increase in the generation rate of non-

equilibrium charge carriers, because their mobility decreases
with increasing temperature. The increase in the generation
rate is most likely caused by the reconstruction of the energy
spectrum of PbTe(V) with changing temperature. According
to estimates made in paper [51] for solid Pb1ÿxÿySnxVyTe
solutions, the impurity vanadium level approaches the bottom
of the conduction band at a rate of about 0:1 meVKÿ1. Thus,
as temperature is increasing, laser photon energies can become
comparable to the thermal activation energy of carriers from
impurity centers.

In the low-temperature region, the terahertz photon
energy is considerably lower than the thermal activation
energy of impurity states responsible for the Fermi-level
stabilization. This leads to a drastic decrease in the photo-
response amplitude, especially for small photon energies. One
of the possible factors responsible for the presence of a weak
positive photoresponse is a considerable broadening of the
impurity level or formation of an impurity band. Here, the
electronic states located slightly above the Fermi level can be
weakly thermally populated in the impurity band, even in the
absence of terahertz radiation. Electrons can be generated into
the conduction band by terahertz radiation namely from these
states, whose populations exponentially increase with tempera-
ture, thus increasing the photoresponse amplitude. In this case,
the thermal activation energy of carriers from the impurity
band decreases, which also favors the increase in the amplitude
of the absolute value of the photoconductivity signal.

At temperatures above 100K, the absolute photoresponse
amplitude does not noticeably depend on the laser pulse
wavelength. It is in this temperature region that the exciting
photon energies become comparable to the distance from the
Fermi level to Ec. These conclusions agree with those made in
Refs [51, 52]. At the same time, one ought not to exclude the
explanation that the effect observed is caused by phonon-
induced tunneling under the action of high-power terahertz
radiation [55].

5.2 Terahertz photoconductivity of PbTe(Ga)
exposed to variable background radiation
The spectra and kinetics of photoconductivity in PbTe(Ga)
samples, notably in the terahertz spectral region, were studied
in papers [56±59].
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One of the important features of gallium-doped lead
telluride is the possibility of changing the conductivity of the
sample in a rather wide range, even in the presence of
background irradiation. In this case, quasistationary states
at low temperatures remain stable for an indefinitely long
time after switching off additional irradiation (Fig. 19).
Studies of the photoconductivity of PbTe(Ga) in the
terahertz spectral region have shown that not only the
kinetics but also the sign of the photoconductivity signal

depend on the initial excitation level (the quasi-Fermi-level
location in the initial state of the sample before laser pulse
propagation). Under conditions of weak background irradia-
tion, the terahertz conductivity is negative in the entire
temperature range from 4.2 to 100 K (Fig. 20). An increase
in the initial conductivity s0 caused by additional irradiation
with white light gives rise to persistent positive photoconduc-
tivity in the terahertz region. The photoresponse kinetics in
this case are similar to those observed in PbTe(In) films. Thus,
to obtain a positive terahertz photoconductivity in PbTe(Ga),
a high enough density of states at the quasi-Fermi level is
required. This result suggests that there is a unified mechan-
ism responsible for the formation of states `attached' to the
quasi-Fermi level in lead telluride doped with group III
elements exhibiting a variable valence with the difference in
charge states of two unit charges. It is important that in
PbTe(V), where impurity states differ only by the unit charge
[48], the formation mechanism of the positive photoresponse
in the terahertz spectral region is qualitatively distinct.

6. Conclusions

The study of photoelectric effects induced by terahertz
radiation in lead telluride alloys doped with In and Ga has
allowed us to substantially reconsider concepts about the
physics of local electronic states in this class of semiconduc-
tors. If we interpret the results obtained assuming that
electrons are excited from one-particle local states, it is
necessary to recognize that special local states appear, which
are `attached' to the quasi-Fermi level and are shifted together
with it, unlike traditional impurity states having rather
distinct location in the energy spectrum of a material. These
unusual local states are responsible for the appearance of the
persistent positive photoconductivity in the terahertz spectral
region and the emergence of the unique monopolar photo-
electromagnetic effect induced by high-power terahertz laser
radiation [60].

Aside from nontrivial physics, the unique properties of
doped narrow-gap lead telluride-based semiconductors are
quite promising for manufacturing highly sensitive photo-
detectors in the terahertz range.

The terahertz range of electromagnetic waves is one of the
least mastered. At the same time, a great number of important
problems in many research fields involve the study of
radiation just in the terahertz range. Examples cover
biomedical applications, safety systems, space research, and
many others.

Most of the modern spectroscopic systems in the terahertz
range use the active location method, in which the object
under study is irradiated by a high-power terahertz laser pulse
and a signal reflected from or transmitted through the object
is analyzed. Passive systems based on terahertz radiation
emitted by the object itself are virtually absent. The only
exception known to us is photodetector systems for space-
borne terahertz astronomy. However, these unique devices
require profound cooling to ultralow temperatures of about
100 mK. The semiconductors studied here can become
promising materials for passive location at operating tem-
peratures of about 5±7 K.

The effect of terahertz persistent photoconductivity
observed in Pb1ÿxSnxTe�In� alloys provides a kind of
`internal integration' of the incident electromagnetic radia-
tion. This is important because it is this factor that ensures the
increase in the signal-to-noise ratio in photodetectors. At the
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same time, to create a real photodetector, it is necessary to
develop a method for the rapid quenching of persistent
photoconductivity. In Ref. [61], a technique was proposed
for the rapid (� 1 ms) drop in the accumulated signal, thus
providing the operation of the device in the mode of periodic
accumulation of the photoconductivity signal followed by its
rapid drop. Based on this method, an operation mode of the
photodetector was realized in which radiofrequency pulses
applied to the contacts of the semiconductor periodically
suppressed the persistent photoconductivity. In this case, the
photoconductivity signal has a saw-tooth shape, with the
`saw' amplitude corresponding to the intensity and spectral
composition of radiation incident on the photodetector [62].
Recent studies have shown that, according to preliminary
estimates, the sensitivity of terahertz Pb1ÿxSnxTe�In�-based
photodetectors are at least comparable to that of analogs
known throughout the world [63, 64].We can expect that, due
to their comparatively high operating temperature, systems
based on doped solid lead telluride solutions will find wide
`earthly' and space applications.
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