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We present the results of experimental investigations of the energy spectrum of radiation-induced
defects in electron-irradiated semiconductors based on A*B® semiconductors Pb,_,Sn,Se

and Pb, ... Sn,Te, obtained by using the high-pressure spectroscopy of localized states. The main
attention is paid to the experimental detection of states induced by irradiation, interpretation

of qualitative effects associated with redistribution of electrons in imradiated crystals between
allowed bands and radiation-induced states under pressure, construction and substantiation

of models describing the reconstruction of the energy spectra of irradiated alloys by changing the
tin concentration and pressure. Reconstruction of the density of states function in the

resonant radiation-induced bands is discussed and the main parameters of the models of energy
spectrum of electron-irradiated Pb, _,Sn. Se and Pb,_,Sn_ Te are investigated. © /996
American Institute of Physics. [S1063-777X(96)00308-8]

PREFACE

Investigation of materials at low temperatures and under
high pressures has always been an exciting subject since it
opens the way to basically new information about the prop-
erties of matter. First attempts to work out a technique for
such investigations were made as early as seventy years
ago.! However, pressures beyond 100 bar were not attainable
at that time. The effecis observed under such pressures were
quite weak and hence no significant progress was made as a
result of these investigations.

The situation changed radically only in the middle of the
forties when Lazarev and Kan® invented the famous “ice
bomb™* allowing the study of magnetic and electric proper-
ties of bulk samples under pressures up to 2000 bar over a
wide temperature interval. The significance of this invention
lies mainly in that the approach used here for attaining high
pressures at low temperatures led 1o the development of a
whole range of new techniques in which the pressure was
created at high temperatures and the apparatus was then
cocled to low temperatures. These techniques, which are
based on the idea employed in Ref. 2, turned out to be most
effective for low-temperature studies of a wide range of phe-
nomena and were widely put into practice.

The present review, dedicated to Lazarev and Kan, the
founders of low-temperature high-pressure research, is but a
small illustration of the effectiveness of the technique of ab-
taining high pressures at low temperatures proposed by them.

1. INTRODUCTION

Narrow-gap semiconductors based on A*B® compounds
are extremely convenient objects for studying the energy
spectrum of charge carriers under hydrostatic compression.
First, the range of alloys based on A*B® compounds
(Pb;_,Sn Se,Pb,_ . 8n Te, ...) makes it possible to vary
the band gap over a wide range (right up to the band inver-
ston point upon an appropriate variation of the tin concentra-
tion x) and parameters of free charge carriers. Second, de-
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pending on the composition of the alloys, these materials
possess positive as well as negative pressure coefficients
dE,/dP describing the variation of the band gap. Finally,
the introduction of impurities or radiation defects in these
semiconductors results in radical modifications in the energy
spectrum of charge carriers owing to the emergence of low-
lying levels or bands of localized states in the forbidden gap
or against the background of allowed states.

Under these conditions, hydrostatic pressure makes it
possible to vary the forbidden gap smoothly over a wide
range right up to transition to the gapless state and band
inversion, thus making it possible to change the parameters
of charge carriers in allowed bands, as well as the mutual
arrangement of allowed bands and deep defect levels, and to
induce redistribution of electrons between bands and local-
ized states. Experimental high-pressure observation of fun-
damental effects like transition to gapless state and band in-
version, variation of shape and connectedness of Fermi
surface, metal-insulator and insulator—metal type transi-
tions, etc. can serve as an effective tool for studying the
energy spectrum of narrow—gap semiconductors and forms
the basis of the spectroscopy of band and localized states
under pressure. This technique was found to be useful, for
example, for determining the parameters of the energy-
momentum  relation for charge carriers in  undoped
Pb,_,Sn,Se alloys,>* the position of the low-lying III group
impurity levels in Pb; _,Sn, Te alloys,”® and radiation defect
levels in electron-irradiated InSb,”® etc.

Investigation of the structure of local impurity bands and
other point defects in narrow-gap semiconductors is a prom-
ising trend in the technique employing spectroscopy under
high pressure. Such a possibility emerges if localized states
are resonant and overlap with the allowed band near its edge.
The variation in the mutual arrangement of resonant and al-
lowed bands under pressure leads to a redistribution of elec-
trons between bands. In this case, we can obtain information
about the resonant band width and hence reconstruct the
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variation of density of states in it by studying the pressure
dependence of electron concentration in the allowed band.

This review contains the results of investigations of the
effect of electron irradiation and subsequent application of
hydrostatic pressure on the electric and physical properties of
Pb;_,Sn,Se and Pb,; _ Sn,Te alloys, and an analysis of ex-
isting models of energy spectrum of radiation defects in
electron-irradiated alloys describing the spectral rearrange-
ment dve to a change in composition and pressure. The basic
parameters of models describing the energy spectrum of
electron-irradiated alloys are determined by comparing the
experimental results with the theoretical ones obtained with
the heip of the available models,

2. BAND STRUCTURE OF A*B® SEMICONDUCTORS

Semiconducting alloys Pb;_,8n,Te and
Pb;_, Sn,Se(x<<0.43) crystallize into an NaCl type lattice
and are narrow-gap semiconductors with a direct gap at the
L-point of the Brillouin zone.® The energy levels L¢ and
L; defining the edges of the conduction and valence bands
approach upon an increase in tin concentration x in the alloy
and suffer inversion at x=x; {at 7=42 K, x;=0.15 for
Pb,_Sn,Se and x;=0.35 for Pb, _ Sn,Te).

The band gap E, for Pb;_,Sn, Te(Se) is extremely sen-
sitive to hydrostatic compression. The change in the band

" gap under pressure occurs almost linearly and is character-
ized by the pressure coefficients of gap variation
|dE,1dP|=8.5 meV/kbar for Pb, ,Sn.Se®'® and
|dE, /d P|=7.4 meV/kbar for Pb,_ ,Sn,Te,”'! whose magni-
tudes are practically independent of temperature and the al-
loy composition. The coefficient dE,/dP is negative in al-
loys with a direct spectrum (E,>0). Hence the band gap
vanishes under a certain pressure and then begins to increase
in magnitude. In alloys with an inverse spectrum (£,<0),
the coefficient dE,/dP is positive and the band gap in-
creases with pressure. Hence it can be assumed that the re-
construction of the energy spectrum under pressure is on the
whole analogous to the reconstruction of the spectrum upon
an increase in the tin concentration in the alloys.

A characteristic feature of the band structure of alloys is
the existence of a group of six closely spaced energy bands
at the point L of the Brillouin zone. Hence we must take into
consideration the interaction of six bands at the point L while
using the k- p method to calculate the structore of conduction
and valence band edges in the vicinity of the extrema. How-
ever, since the separation from the conduction and valence
band edges to distant bands on the energy scale is much
larger than band gap, the influence of distant bands can be
disregarded in the =zeroth approximation. The energy-
momentum relation in the two-band approximation has the
form

El p? p?
2_E_p 4 i
E 4 E; 2my " 2my’ D

where F is the energy (measured from the middle of the band
gap), E, is the direct band gap at L, E, = 2Pi/m0,
Ey=2P/my, P, and P, being the transverse and longitudi-
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nal matrix elements of the momentum operator characteriz-
ing the interaction between the valence and conduction
bands.

Thus, for valence and conduction bands, the constant

energy surfaces in the vicinity of points L have the form of .

cllipsoids of revolution with the major axis parallel to the -

directions of the type (111), while the Fermi surface consists
of four ellipsoidal surfaces with centers at points L. These
surfaces are filled with electrons for n-type alloys and with
holes for p-type alloys,

Dimmock'? and Martinez" took into account the effect
of distant bands at the point L in the k- p method. The inter-
action between the valence and conduction bands was con-
sidered precisely, while the interaction with distant bands
was taken up to second and third orders, respectively, in the
perturbation theory according to Levdin. Dimmock’s energy-
momentum relation has the form

2 2 2 2
E, pri Py _E __Eg Pl Py B
2 2m;  2my 2 2m! 2m}
2 2
B Py Py .
=E, 2m " om, )

where E, , £, and m, , m,;" are the model parameters taking
into account the interaction of the valence and conduction
bands with each other and with distant bands respectively.

According to Dimmeck's energy-momentum relation,
the electron and hole spectra are not mirror images in the
general case, and the constant-energy surfaces in the conduc-
tion and valence bands are nonellipsoidal surfaces of revolu-
tion (the energy-momentum relation contains terms propor-
tional to p*) whose anisotropy coefficient depends on the
energy E (number density of charge carriers) and the forbid-
den band width E, (concentration of tin in the alloy and
pressure).

Martinez also carried out a detailed theoretical analysis
of the reconstruction of the c¢nergy spectrum of
Pb,_,Sn,Se alloys under uniform compression.'* He as-
sumed that the energy spectrum parameters depend only on
the gap £, and not on the manner in which this value was
obtained (whether by changing the tin concentration in the
alloy or the value of the applied pressure). In this respect, the
results of calculations of the energy spectrum of
Pb;_ . Sn,Se obtained by the six-band models proposed by
Dimmock and Martinez are analogous, and practically iden-
tical up to the band gap E,=— 100 meV, according to Mar-
tinez.

Dimmock’s model is widely used at present for analyz-
ing the experimental results obtained while studying the
band structure of Pb,_,Sn,Se(Te). Several sets of param-
eters proposed for this mode! make it possible to obtain a
satisfactory agreement with the experimental data over a
wide range of variation of concentration of tin and charge
carriers,>'*
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3. ENERGY SPECTRUM OF RADIATION DEFECTS IN
ELECTRON-IRRADIATED A*8°* SEMiICONDUCTORS

The effect of irradiation by fast particles on the energy
spectrum of charge carriers in A*B® semiconductors has
been studied since the middle of the seventies. First investi-
gations were devoted to the effect of low-temperature
(T124=80 K) and high-temperature (7,,,==300 K) electron
irradiation on electrical and physical properties of the alloys
(Pb; . Sn.Te and Pb,_,Sn,S8¢)"*'? and were stimulated
largely by the theoretical works of Parada and Pratt on the
energy spectrum of simple intrinsic defects in PbTe (vacan-
cies and interstitial atoms in metal and chalcogen
sublattices).20-%? According to their calculations, as well as
later works by Hemstreet,”** the energy levels of simple
point defects in A*B® belong to the category of low-lying
levels and must be sitwated away from the forbidden band
edges in conduction and valence bands against the back-
ground of allowed states. The only exception to this is the
chalcogen vacancy whose energy levels may be close to the
conduction band edge or even in the forbidden gap.

On the basis of the theoretical calculations, the experi-
mental data were interpreted for a long time under the as-
sumption that the defects emerging as a result of irradiation
of crystals by fast particles are simple point defects similar to
the defects in the initial unexposed crystals. The chalcogen
vacancy was assumed to be the most important kind of de-
fect. A whole range of publications was devoted to the at-
tempts at a direct experimental observation of deep chalco-
gen vacancy levels in initial crystals and those irradiated by
fast particles.

Constderable progress in these investigations was made
following the publication of a series of works by Volkov and
Pankratov,”>2% as well as by Pankratov and Povarov,” in
which a change in the position of the chalcogen vacancy
level relative to the allowed band edges at L upon an in-
crease in the tin concentration in alloys was predicted on the
basis of analytic calculations of energy levels of simple de-
fects in the alloys Pb, _,Sn,Te and Pb, _,Sn Se.

Investigation of alloys with different concentrations of
tin and the application of pressure indeed led to the discov-
ery of several deep defect levels in the forbidden band as
well as against the background of allowed states of valence
and conduction bands of imradiated altoys. However, it has
now become clear that as in other more thoroughly investi-
gated semiconductors (Ge, Si, A*B’ compounds), these lev-
els are associated not with sirnple defects like vacancies and
interstitial atoms in metal and chalcogen sublattices, but
rather with more complicated defects like complexes includ-
ing primary radiation defects.

In spite of the fact that the precise microscopic structure
of such defects in AYB® semiconductors is not known so far,
the available experimental data allow us to construct models
of energy spectrum of radiation defects in electron-irradiated
Pb, . ,Sn,Se and Pb; _ Sn, Te alloys of various compositions.

3.1. Pb, _,Sn,5e alloys

These alloys have been studied quite extensively. A
model of energy spectrum explaining the experimental re-
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FIG. 1. Model of encrgy spectrum of electron-irradiated alloys
Pb;_,50,Se.

sults correctly over a wide range of tin concentration
{0=x=0.34), i.e., practically over the entire range of exist-
ence of cubic phase of the alloys, has been proposed.?®
According to this model, electron irradiation leads to the
emergence of two deep levels (localized state bands) E, and
E, in the energy spectrum of these alloys, which are asso-
ciated with different types of radiation defects. The position
of these levels relative to the energy band edges at L depends
on the alloy composition (Fig. 1}.

The band E, corresponding to radiation defects is not
filled by electrons. Hence the states emerging as a result of
irradiation may be neutral or exert an acceptor influence de-
pending on their position relative to the Fermi level Ex-. In
alloys with a normal spectrum (E 2= 0), the local band is a
resonant band and located against the background allowed
states of the conduction band. Upon an increase in the tin
concentration x, the local band descends on the energy scale
and first falls in the forbidden gap and then in the valence
band in alloys with inverse spectrum (£,<0). The most
sigmificant variations of parameters as a result of irradiation
were observed for alloys with n-type conductivity and in-
verse spectrum, the middle of the E; band in these alloys
falling in the forbtdden gap. The generation of defects as a
result of irradiation in such alloys lowers the concentration
of electrons in the conduction band and leads to a metal-
insulator type transition as a result of electron flow from
conduction band to the £, band.

The radiation defect band E,| is partially filled by elec-
trons and possesses donor—acceptor properties. In PbSe and
alloys with low tin concentration, the middle of the E,; band
lies in the forbidden gap near the top of the valence band.
Hence an increase in the radiation flux (i.e., density of states
it the E,; band) results in a decrease in the electron concen-
tration in n-type samples as a result of electron flow from the
conduction band to the E,; level, and a decrease in the hole
concentration in p-type samples as a result of flow of elec-
trons from the E,; level to the valence band. Irrespective of
the inittal type of conductivity of alloys, a high radiation flux
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FIG. 2. Model of energy spectum of electron-imradiated alfoys
Pb; .., Sn,Te. (a) p-type, (b} n-type.

leads to a transition to the insulating state in which the va-
lence band is completely filled by electrons at low tempera-
tures, the conduction band is completely free of electrons,
and the E,; band is partially filled by electrons. The occu-
pancy of the E,; band in the insulating state depends on the
parameters of the initial crystal (charge carrier concentration)
and the radiation flux.

3.2. Pb,_,Sn,Te alloys

The Pb; . Sn, Te alloys have been studied much less in-
tensively than Pb, _,Sn, Se. The effect of electron irradiation
on the electrical and physical properties of the alloys was
studied only in a narrow range of tin concentration
(0.135=cx=(0.22), the majority of the results pertaining to
the composition x=0.2 which is most important from the
practical point of view,!>~192132

On the whaole, the experimental data obtained by differ-
ent authors do not contradict one another and can be used to
construct a unified model of energy spectrum of irradiated
crystals with x=0.2 (Fig. 2). According to this model, elec-
tron irradiation leads to the emergence of a resonant donor
level E,; high in the conduction band, and an acceptor-type
resonant states band £, near the top of the valence band in
the energy spectrum of the alloy. The change in the concen-
tration of charge carriers due to irradiation is determined by
the ratio of the donor and acceptor type defect generation
rates, which apparently depends on the defect structure and
type of conductivity of the initial crystals.

In crystals with p-type conductivity (Fig. 2a} for
AN/ dP<dN,/dP, the hole concentration decreases with
increasing radiation flux @ as a result of flow of electrons
from the donor level to the valence band, while the Fermi
level tends to attain its limiting position. Depending on the
ratio of the quantilies dN,;/dP and dN,/dP, the resonant
band width and position on the energy scale, the hole con-
centration may aitain saturation (stabilization of the Fermi
level £, in the valence band) or vanish (stabilization of the
Fermi level E., in the forbidden band}). For
AN/ dDP>dN /dd, an increase in the radiation flux leads
to a filling of the valence band and the resonant states band
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E, and a decrease in hole concentration to zero. After this,
the irradiated crystals are in insulating state over a finite
interval (depending on the initial hole concentration in the
sample) of radiation flux (right up to filling of the states at
the tail of the density of resonance state bands lying in the
forbidden gap). Finally, for maximum radiation flux, the
Fermi level must be elevated to the conduction band
(Er3), and the electron concentration will increase until the
Fermi level is stabilized by the donor level.

In crystals with n-type conductivity (Fig. 2b) for
dN 4/ dP<dN,/dD, the electron concentration decreases
with increasing radiation flux as a result of flow of electrons
from the donor level and conduction band to the resonant
band E,, while the Fermi level tends to its limiting position,
Depending on the relation between the quantities dN;/d®
and dN,/d®P, the resonant band width and position on the
energy scale, the electron concentration may vanish with in-
creasing radiation flux (stabilization of the Fermi level Ep,
in the forbidden band), or n—p-conversion may occur fol-
lowed by stabilization of the Fermi level Ep; in the valence
band. The version dN 4/ d® > dN /4D has not been detected
experimentally so far, but it can be expected that the electron
concentration may increase in this case right until the stabi-
lization of the Fermi level by the E; level.

Thus, irmespective of the type of conductivity of the ini-
tial crystals, irradiation by fast electrons leads to a stabiliza-
tton of the Fermi level by the acceptor-type radiation defect
band E_(dN;/dP<dN,/dP) or by the donor level
E(dN,/dD>dN,/1dD).

No reliable data are available on the nature of recon-

‘struction of the energy spectrum of radiation defects upon a

change in the tin concentration in the alloys. However, the
experimental results on proton irradiation of alloys with
0.17=x=20.26 obtained in Refs. 33-35 show that the posi-
tion of the resonant band E, relative to the middle of the
band gap does not vary significantly upon a change in the
alloy composition. Hence the middle of the band £, may
tumn out to be in the band gap upon a decrease in tin concen-
tration (x<<0.15).

4. PRESSURE-INDUCED METAL-INSULATOR TRANSITION
iN ELECTRON-RRADIATED ALLOYS n-Pb,_,Sn,Se
ALLOYS WITH A DIRECT SPECTRUM

The model of energy spectrum of electron-irradiated
Pb;_,Sn Se alloys (Fig. 1} assumes the possibility of an ef-
fective control over the properties of these alloys through
electron irradiation and of observing a whole range of effects
resulting from irradiation followed by a uniform compres-
sion of the irradiated alloys, viz., stabilization of Fermi level
and attainment of limiting values of electrical and physical
parameters under intensive electron irradiation, transitions to
the insulating state under the effect of electron irradiation,
uniform compression and a quantizing magnetic field.
Among other things, the possibility of a considerable de-
crease in the charge carrier concentration in irradiated crys-
tals right up to the insulating state transition as a result of the
flow of charge carriers from the allowed states band to the
radiation defect band £, is realized upon compression of al-
loys with a normal spectrum (E,>0).
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FIG. 3. Reconstruction of energy spectrum of the etectron-itradiated alloy
Pb; . ,.Sn,Se {x=0.1250{N,< ny) under pressure.

The effect of uniform compression on electrical and
physical  properties of  electron-irradiated  n-type
Pb, _,Sn, Se (x=0.07, 0.125) alloys was studied in Refs. 29
and 36-42 in order to observe experimentally the pressure-
induced metal—insulator transition, to determine the structure
of the radiation defect band E, and its position on the energy
scale, and to obtain the diagram of reconstruction of the en-
ergy spectrum of the alloys under pressure.

4.1. Reconstruction of the energy spectrum under pressure

The hydrostatic compression of electron-irradiated al-
loys with a direct spectrum leads to a decrease in the electron
concentration accompanted by stabilization of the Fermi
level by the radiation defect band £,. A model has been
proposed for the reconstruction of the energy spectrum of
irradiated alloys under pressure (Figs. 3 and 4). According to
this model, a decrease in the electron concentration in irra-
diated alloys as a result of compression is a consequence of
the redistribution of electrons between the conduction band
and the radiation defect band.

The best agreement between the proposed model and the
experimental results is attained by assuming that the separa-
tion between the middle of the localized states band E, and
the energy level L practically does not change with pres-
sure. In this case, an increase in pressure leads first to a
decreasc in band gap at the point L, which results in a de-
crease in the effective mass of electrons and the densily of
states in the conduction band.** Hence, in spite of the un-
changed separation between the bottom of the conduction
band and the lgcal band, the electron concentration decreases
slowly as a result of a rise in the Fermi level and trapping of
electrons by states at the tail of the focal band density of
states. After band inversion at the point L, the separation
between the middle of the band E, and the bottom of the
conduction band L_ decreases rapidly, resulting in a flow of
glectrons from the conduction band to the localized states
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FIG. 4. Reconstruction of energy spectrum of electron-irradiated atloys
Pb; ., 8a Se (x=0.125)(N > ny) under pressure.

band and a rapid decrease in the concentration of free elec-
trons.

In the region of maximum compression, the middle of
the local band E, intersects the bottom of the conduction
band and falls in the band gap. The nature of the pressure
dependence of electrical and physical parameters of samples
is determined by the relation between the total capacity of
the localized states band ¥, , which depends on the radiation
flux, and the initial number density n, of electrons in the
sample.

For N,<ngy, the radiation defect band located in the
band gap of the altoy is found to be completely filled by
electrons (Fig. 3). Moreover, a part of electrons
n' =ny—N, remains in the conduction band. Hence, as the
pressure increases, the electrical and physical parameters of
samples of the first group tend to certain limiting values
which depend on the residual number density of electrons
n'.

For N,>>n,, the radiation defect band is only partially
filled by electrons in the maximum pressure region (Fig. 4).
This means that with increasing pressure, the elecirons are
completely transferred from the conduction band to the lo-
calized states band. Under a certain critical pressure P*, the
electron concentration becomes equal to zero and the metal-
insulator transition takes place,

The metal-insulator transition is accompanied by a
sharp increase (about three orders of magnitude) in the resis-
tivity and reversal of the sign of Hall constant (Fig. 5). With
increasing radiation flux, the sign-reversal point Ry is dis-
placed towards lower pressures, and the Hall constant is sta-
bilized beyond the sign-reversal point at the level
Ry=40-100 em*/C.

The positive sign of Ry in the insulating phase points
towards a change in the type of majority carriers and is ap-
parently due to the fact that the main conduction mechanismn
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FIG. 5. Pressure dependence of resistivity and Hall constant at T=42 K
for the electron—irradiated sample W-2 (sec Table I} for @ 1077, cm™ 2
1.6{a);4.0(b).

at low temperatures is conduction in the localized states band
or surface conduction, both of which are of hole type. Since
the electrical and physical parameters of the samples in the
insulating state tend to their limiting values, it becomes pos-
sible to estimate the Hall mobility of charge carriers in the
insulating phase: g;=100-300 cm*/(V-s) at T=4.2 K.

The nature of temperatures dependence of the resistivity
of irradiated samples changes drastically in the vicinity of
the metal—insulator transition (Fig. 6). At low pressures, the
p(1/T} dependence in all samples is of ‘*metallic’” type as in
undoped Pb; -, Sn, Se alloys., With increasing pressure, the
p(U/T) dependence becomes semiconductor type, and ac-
quires two activation regions whose slopes increase mono-
tonically with pressure. The high-temperature activation re-
gion is associated with the intrinsic generation of charge
carriers emerging upon a decrease in the free electron con-
centration under pressure, and the elevation of its slope cor-
responds to an increase in the band gap of the alloy after
band inversion at the point L under pressure.

The emergence of a low-temperature activation region
on the p(1/T) dependence is due to the fact that the middle
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FIG. 6. Temperature dependence of resistivity of the sample W-2
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11.9 {curve 6}, 12.3 (curve 7), 13.4 {curve &), and 13.2 {curve 9).

of the E, band intersects the conduction band under pressure
and falls in the forbidden gap. Hence an increase in tempera-
ture leads to a thermal activation of electrons from the local-
ized states band to the conduction band. The activation en-
ergy AE,=E.—E,, determined from the slope of the
p(1/T) dependence, increases monotonically under pressure
at a rale close to the rate of variation of the band gap width
of the alloy with pressure (Fig. 7). This circumstance points
towards the constant position of the local band relative to top
of the valence band L and is a direct confirmation of the
above assumption.

4.2, Structure of the radiation defect band

An analysis of the available experimental results points
towards a significant blurring of the radiation defect band
induced by electron irradiation, the blurring being of the
same order as in the band gap in the investigated
Pb,_.Sn,Se alloys. Among other things, the pressure corre-
sponding to the metal-insulator transition in electron-
irradiated samples varies over a considerable range
(P*=9-16 kbar) and depends on the relation between the
initiat concentration of electrons and the total capacity of the
E, band, i.e., on the magnitude of the radiation flux.
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electron-irradiated alloys Ph,_, Sn,Se (x=0.125) (solid curves were calcu-
lated under the assumption dAE /dP=dE, /dP=8.3 meV/kbar): W-0
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(D =40 10" cm™? {curve 3).

Under these conditions, the width of the resonant band
emerging as a result of electron irradiation of alloys, as well
ag its position on the energy scale, can be determined by
studying the dependence of the electron concentration in the
irradiated alloys on the radiation flux and pressure. More-
over, the well-known energy—momentum relation in the
Pb; _ ,Sn,Se alloys offers a unique possibility of studying the
resonant band structure and reconstructing the density of
states in it.** Finally, a comparison of the pressure depen-
dence of the electron concentration obtained by studying the
same sample irradiated by various eleciron fluxes provides
information about the rate of generation of defects due to
irradiation.

Figures 8, 9, and 10 show the dependence of the electron
concentration in n-Pb,_,Sn,Se sampies (x=0.07,0.125) on
the radiation flux and pressure, calculated from the experi-
mental values of the Hall constant at T=4.2 K. A slow de-
crease in the concentration of electrons as a result of irradia-
tion indicates that the middle of the local band E, is much
higher (han the Fermi level in the investigated samples and
has a considerable width (=10 meV) (Figs. 3 and 4). An
increase in the radiation Aux leads to an increase in the den-
sity of localized states and trapping of free electrons by the
frec states at the tail of the density of states resonance band.
The free electron concentration decreases slowly with in-
creasing radiation flux, the maximum variation in the elec-
tron concentration occurring in crystals with the highest ini-
tial charge concentration.

The experimental pressure dependence of the electron
concentration in irradiated samples was constructed by con-
sidering the fact that a decrease in the electron concentration
in the conduction band leads to a relative increase in the
contribution of hole conductivity (conductivity in the radia-
tion defect band or surface conductivity) to the quantities
p and Ry being measured in a weak magnetic field at
T'=4.2 K. Hence the electron concentration n{ P} was calcu-
lated by using the two-band model
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FIG. 8. Dependence of electron concentration in Pb,_,Sn, Se alloys at
T=4.2 K on the radiation flux (x=0.07 (curve /, sample K-12); x=0.125
{curve 2, sample W-0, curve 3, sample W-11, curve 4, samplc W-2).

- Tptbp ™ Tpily

Ry=———"173—, 3
X (optear,) 3)
Vp=a,to,, n=o,lep,. (4)

The limiting values of the Hall mobility and conductivity
in each sample in the insulating phase (P> P*) were taken
for the mobility x, in the case of local band conductivity and
for hole conductivity o, . The mean values of these param-
eters were used for samples with N, <ng, in which the
metal—insulator transition is not realized under pressure.

The theoretical dependences (solid curves in Figs. 8, 9,
and 10} were obtained under the assumption that the defect
generation rate dN,/d® is independent of the radiation flux,
the middle of the resonance band E, remains fixed relative to
the energy level L under pressure, and the density of states
function g, (E) in the resonance band is described by a
Gaussian-type curve:

1 dN,q) (E—E,)? .
gr(E)—mE;ﬁ' expl 1|, (5

where o is the resonant band width.

Since the experiments indicate a flow of electrons from
the conduction band to the resonant band of irradiated alloys
both upon an increase in the radiation flux and under hydro-
static pressure, it was also assumed that for all values of @
and P, the sum of electron concentrations n and n, in the
conduction band and resonant band is equal to the initial
electron concentration g in the sample:
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FIG, 9. Pressure dependence of electron concentration in  electron-
irradiated Pb, .,Sn,S¢ samples at T=4.2 K(N,<ng) (x=007: curve i,
sample K-11 (¢b =0}, curve 2, sample K-12 (&=33.10"7 cm™?), curve 3,
sample K-12 (@=62-10"7 em™); x=0.125. curve 4, sample W-0
(P=33%10"cm ?).

Ep
ny=n(Py+n, (P}, nr(P)=j_mg,(E)dE, (6)

where Er, the Fermi energy in the irradiated samples, is a
function of the radiation flux and pressure.

The position of the Fermi level in irradiated samples was
calculated by using Dimmaock’s energy—momentum relation
taking into account the dependence of the parameters £, and
E, on the alloy composition.** It must be noted that the
possibility of using the well-known energy—momentum rela-
tion for charge carriers at the point L is of fundamental im-
portance, since it allows us to calculate the theoretical depen-
dences n(d) and n{P) in imadiated samples with the
required accuracy and to determine the resonant band param-
eters in Pb, _ Sn Se alloys (x=0.07,0.125).

The best agreement between the theory (solid curves in
Figs. 8, 9, and 10) and the experiment was obtained for
model parameters presented in Table I under the assumption
that under atmospheric pressure, the middle of the resonant
band lies in the conduction band: E,=F.+70 meV for
Pb,_,Sn.Se alloys (x=0.07) and E,=E_+56 meV for
Pb,_,8n 8e alloys (x=0.125). The theoretical dependences
constructed by using this model are in good agreement with
the experimental data.

An analysis of resonant band parameters (Table I} shows
that the rate of defect generation as a result of irradiation is
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FIG. 10. Pressure dependence of electron conceatration in electron-
irradiated Pb,_,5n,Se (x=0.125) samples al T=42 K(N,>n,) curve {
sample  W-0  (P=41-10" em™?), corve 2, sample W-2
{(®=1.6-10"7 cm™?), curve 3, sample W-2 (&=4.0- 107 cm™2),

AN /dd=1 cm™" for all investigated samples. This means
that in order to altain density of resonant states comparable
with those typical of Pb,_.Sn.Se alloys (n,p=10"7-
10" ecm™?), the samples must be exposed to an electron
flux ®=10"-10"® cm™2. An increase in the radiation flux
apparently points towards a slow decrease in the resonant
states generation rate and an insignificant increase in the
resonant band width without any change in the form of the
function of density of states in it. Hence the assumption con-
cerning a constant generation rate for resonant states and an
unchanged form of the density of states function in the reso-
nant band used in calculations do not contradict the avatlable
data and must not exert a considerable effect on the results of
calculations.

5. RADIATION DEFECT BAND IN ELECTRON-IRRADIATED
ALLOYS Pb,_,Sn,Se WITH AN INVERSE SPECTRUM

According to the energy spectrum model of electron-
irradiated alloys Pb, ., Sn Se, the position of the radiation
defect band £, changes relative to the energy level L, vpon
an increase in tin concentration (Fig. 1). In a certain range of
compositions, the middle of the £, band in alloys with an
inverse spectrum (£,<<0) must lie in the forbidden band. In
this case, it is possible to observe a pressure-induced metal—
insulator transition caused by a flow of electrons from the
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TABLE I. Resonance band parameters of ¢lectron-irradiated alloys n-Pb;_,Sn, Se.

ng- 1071, $-107Y, dN 14D, g,

Sample x cm™? cm ? cm”! meV
K-12 0.07 7.80 33 1.20 18
6.2 1.05 20
W-0 0.125 3.70 33 1.t0 20
4.1 0.90 20
W-11 0.125 2.00 3.5 0.57 13
Ww-2 0,125 1.35 1.6 0.90 13
4.0 0.75 15

conduction band to the radiation defect band, as well as a
redisiribution of electrons between the radiation defect band
and one of the allowed bands during reconstruction of the
energy spectrum of electron-irradiated alloys under pressure.

To observe these effects experimentally and to construct
the energy level diagram of imradiated alloys right up to the
boundary of existence of the cubic phase, the effect of elec-
tron irradiation of alloys with tin concenltration
0.2=x=0.34 followed by hydrostatic compression was stud-
ied in Refs. 42, 44-51.

5.1. Metal-insulator trangition induced by electron-
irradiation of alloys n-Pb, _,Sn,Se (x=0.2,0.25)

It is found that electron irradiation of alloys leads to the
emergence in the band gap of a radiation defect band E,
which is not filled by electrons (Fig. 11}. The generation of
defects due to irradiation leads 1o an increase in the density
of localized states, flow of electrons from the conduction
band to the band E,, and a decrease in the concentration of
free electrons in the investigated samples. In alloys with
x=10.25 and for radiation flux ¥ =@*, the electron concen-
tration becomes equal to zero and a metal-insulator transi-
tion takes place (Fig. 12). In the insulating phase
(P >d*), the Fermi level is stabilized in the E, band while

0,1}

=>

@

w

0}

-0!1 =
| |
0,20 . 025

FIG. 11. Modsl of energy spectrum of electron-irradiated alloys

n-Pb,_ Sn.Se (x=0.2,025).
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the electrical and physical parameters of the alloys attain
limiting values that are practically independent of the radia-
tion flux.

At the same time, the radiation defect band in alloys
with x=0.2 lies in the forbidden gap near the bottom of the
conduction band L;' and strongly overlaps with the conduc-
tion band, forming a single band of allowed states. This cir-
cumstance, as well as high initial concentration of electrons
in the samples makes it extremely difficult to observe the
transition to the insulating state and to determine exactly the
position of the E, band in these alloys on the energy scale.

The nature of the dependence of elecirical and physical
parameters of investigated samples on radiation flux changes
in the vicinity of the metal-insulator transition (Fig. 13): the
resistivity tends to saturation, the Hall constant decreases in
magnitude and suffers inversion, while the Hall mobility of
charge carriers, which remained practically unchanged in the
radiation flux region ®<<®*, decreases by more than an
order of magnitude. Subsequent exposure to an electron flux
about twice the value of ®* practically does not change the

- \\
10!3_
" [-]
P '
e 2
= 5
107 \2\
- g
- T=42K
1016 - 1 . T a T R
10° 10" &, cm™

FIG. 12, Dependence of electron concentration in n-Pb;_,5n,Se samples
with inverse spectrum at 7=4.2 K on the radiation flux: x=0.2 (curve /),
x=0.25 {curve 2).
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FIG. 13. Dependence ol electrical and physical parameters of n-
Ph; ,8n,3e (x=10.25) samples on radiation flux at T=4.2 K.

electrical and physical parameters of crystals, which points
towards a certain limiting state and stabilization of the Fermi
level.

At helium temperatures, the Hall constant is positive in
the insulating phase, thus pointing towards a hole-type con-
ductivity. However, the Hall mobility in the insulating phase
(puy=10-10" em?V-s at T=4.2 K) is more than an order
of magnitude lower than the free hole mobility at £.. Hence it
can be assumed that in the insulating phase, the main con-
ductivity mechanism at low temperatures is the conductivity
over the localized states band, which is of hole type. Alter-
natively, the positive sign of the Hall constant in the insulat-
ing phase is explained by the assumption about the formation
of an inversion layer with p-type conductivily on the sample
surface. In principle, such a surface layer can be formed in
the samples as a result of chemical treatment of the surface
or by exposure 1o fast electrons (surface oxidation, surface
defects).

The application of hydrostatic pressure® provides addi-
tional information on the behavior of electrical and physical
parameters of electron-irradiated alloys in the insulating
phase, as well as by the position of the radiation defect band
relative to the allowed band edge at L on the energy scale in
clectron-irradiated samples Pb, . Sn Se (x=0.25).

Amaong other things, it is found that the temperature de-
pendence of resistivity in the insulating phase is character-
ized by the emergence of two characteristic activation re-
gions whose slopes differ by a factor of two (Fig. 14). The
slope of the high-temperature region increases monotonically
with pressure, while that of the low-temperature region re-
mains practically unchanged upon the application of pres-
sure. The activation energy and the rate of its variation with
pressurc determined from the slope of the high-temperature
activation region lead to the assumption that this segment
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FIG. 14. Temperature dependence of resistivity of the sample W-6
(x=0.25, &=2-10" em™2) under pressure P (kbar): 0 (curve 1), 5.8
(curve 2), 8.8 {curve 3], 12,1 {curve 4), 16.2 (curve 5). The inset shows the
pressure dependence of the activation energy of the local level in electron-
irradiated samples of n-Pb;_ 8n,S¢ (x=0.25).

corresponds to intrinsic ionization of charge carriers, while
an increase in its slope is associated with an increase in the
band gap of the alloy under pressure (under atmospheric
pressure, the band gap in the investigated alloys is
E,=85 meV at T=42 K). The slopc of the low-
temperature activation segment on the dependence p(1/T) is
determined by the separation between the middle of the &,
band and the top of the valence band E,. The activation
energy, calculated from the slope of the dependence p(1/T)
in investigated samples is AE,=E,—E,=(24*3)} meV and
is practically independent of pressure.

The constancy of the activation energy AE, in the inves-
tigatcd pressure range suggests that the position of the local-
ized states band relative to the energy level L (top of the
valence band) practically does not change with pressure, An
identical behavior was observed under pressure in the band
of radiation defects induced by electron irradiation in the
energy spectrum of the alloys Pb,_,Sn,Se (x=0.125). This
circumstance is yet another confirmation of the fact that the
radiation defect bands observed in electron-irradiated alloys
Pb,_,Sn,Se with direct and inverse spectra are of the same
origin. The position of this band relative to the energy level
L¢ depends almost linearly on the alloy composition
[£,=Lg +(87-250x) meV] and does not change as a result
of compression.

5.2. Parameters of radiation effect' bands in electron-
irradiated alloys p-Ph,_,Sn,Se (x=0.34)

According to the energy-level diagram presented in Fig.
1, it can be expected that the radiation defect band in alloys
Pb,_,Sn,5e (x=0.34) lies near the top of the valence band
against the background of allowed states of the valence band
(Fig. 15).
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FIG. 15. Reconstruction of energy spectrum of the electron-irradiated alloy
p-Pb,_.8n Se (x=0.34) under uniform compression.

An increase in the radiation flux leads to an increase in
the capacity of the band E, and trapping of electrons from
the valence band at unfilled states in the tail of the density of
states in the radiation defect band. For a high hole concen-
tration in the samples, however, irradiation does not cause a
significant change in the hole concentration (Fig. 16) which
is determined by the overlapping of the tail of the density of
states function for the radiation defect band with filled states
in the valence band. Under pressure, the band E, moves par-
allei to the top of the valence band. Hence an increase in hole
concentration (Fig. 16) occurs only due to an increase in the
density of states in the valence band, as a result of which the
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FIG. 16. Dependence of hole concentration and of p-Pb,_,Sn.Se
(x=034) samples on radiation flux (a) and pressure (b)
(B=27-10"7 ¢m %) at T=4.2 K. The solid curves were calculated for
E,~E,=0, =13 meV, dN,/d®=6 cm™%, while the dashed curves cor-
respond 1o E,E,=* 5 meV, o=13 meV, dN,/db=6 cm™ %,
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Fermi level approaches the top of the valence band, the over-
lapping of the radiation defect band with filled states in the
valence band increases, and a part of electrons flows from
the valence band to the radiation defect band.

The dependence of the hole concentration on radiation
flux and pressure was used for determining the parameters of
the energy spectrum model for irradiated alloys.’**! How-
ever, it i1s hard to determine independently the numerical
values of all parameters in the radiation defect band for the
alloy Pb, _,Sn_Se (x=0.34) due to a weak sensitivity of the
hole concentration dependence on radiation flux and pressure
to the E, band parameters. As a matter of fact, the maximum
increase in the hole concentration under pressure does not
exceed 30% since a pressure P=8 kbar leads to an abrupt
change in the electrical and physical parameters due to a
structural phase transition to an SnSe type lattice.¥%* Hence
a comparison of theoretical results (solid curves in Fig. 16)
with the experimental data is made under the assumption that
the position of the middle of the E, band coincides with
the top of the valence band and by using the values of radia-
tion defect band parameters (resonance band width o and the
generation rate AN, /dD of the states as a result of irradia-
tion) characteristic of thoroughly investigated alloys
Pb,_,Sn Se(0.07<x=<0.25):0=13 meV and dN,/dD
=6 cm ™. Calculations were made by using the condition of
electrical neutrality:

p(®,P)=py+N(P)—p(D,P),

0

p(D,P)= f g{E)dE, (7
Eg

where pg is the initial hole concentration in the sample,
p.(®,P) the hole concentration in the radiation defect band,
g,(E) the density of states function in the radiation defects
band, and E the Fermi energy calculated according to Dim-
mock’s energy—momentum relation with the values of pa-
rameters presented in Ref, 4.

It is also assumed that the total capacity of the radiation
defects band depends linearly on the radiation flux
[N, =®(dN,/d®D)}], while the density of states function
g2/E) in the resonance band can be approximated by the
Gaussian-type curve (5).

In order to estimate the reliability of the obtained results,
similar calculations were also made by varying the position
of the middle of the £, band relative to the top of the valence
band (dashed curve in Fig. 16). These calculations showed
that the middle of the E, band in the investigated alloy prac-
tically coincides with the top of the valence band at the point
L(E=~Lg, =5 meV), thus permitting the use of the above
diagram of movement of the radiation defects band relative
to the edges of the allowed bands at L almost right up to the,

- boundary of the range of the cubic phase (x<<0.41)."

6. INSULATOR-METAL TRANSITION IN
ELECTRON-IRRADIATED ALLOYS Pb,_,Sn,Se {x=<0.03)

The experimental data on the structure of the radiation
defect band E,; and its position on the energy scale in
electron-irradiated alloys Pb,_ Sn.Se (x=0;0.03) were ob-
tained in Refs. 30, 54 and 53.
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FIG. 17. Reconstruction of energy spectrum of electron-irradiated alloys
Pb, _,5n,8e under pressure.

It was found that, irrespective of the type of conductivity
of the initial crystals, the electron-irradiated alloys under at-
mospheric pressure are in the insulating state in which the
valence band is completely filled with electrons at low tem-
peratures, the conduction band is free of electrons, and the
E, -band is partially filled with electrons (Fig. 17). Under
uniform compression, the middle of the local band £, in the
irradiated alloys approaches the valence band and intersects
the top of the valence band L¢, inducing an increase in the
free hole concentration as a result of redistribution of charge
carriers between the valence band and the bands of charged
states, and the insulator—metal transition under pressure. In
the region of maximum compression, the local band is found
to be filled by electrons completely and lies in the valence
band below the Fermi level, while the concentration of free
holes attains saturation and is practically independent of
pressure.

The insulator-metal transition is accompanied by sig-
nificant variations of the electrical and physical parameters
of the irradiated samples (Figs. 18 and 19). Under hydro-
static pressure, the resistivity of irradiated samples decreases
at T'=4.2 K by about two orders of magnitude and passes
through a minimum in the pressure interval P=9-—
14 kbar. The magnitude of the Hall constant Ry decreases
sharply and undergoes inversion at a certain value P=P,. In
the region of maximum compression, the Hall constant at-
tains saturation and is positive,

It must be remarked that the mability of charge carriers
in the electron—irradiated samples in the insulating phase
have very low values (10°-10* em¥(V-s) for the
Pb, _.Sn.Se alloys. These values of the electron mobility are
preserved under low pressures (P < P;). Immediately after
the ni—p conversion (in the metallic phase}), however, the
mobility of charge carriers increases sharply by more than an
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FIG. 18, Pressure dependence of resistivity of electron-iradiated
Pb, _.Sn,Sc samples at T=42 K: sample K-22 (x=0.03,
©=28-10"7 cm™? (curve 1)), sample N8 [x=0, ©=57-10" cem?
(curve 2)].

order of magnitude and attains values typical of undoped
Pb,_.Sn,Se alloys. All the investigated samples acquire
clear transverse magnetoresistance oscillations in quantizing
magnetic fields (Fig. 20). In a narrow pressure interval, the
amplitude and frequency of Shubnikov osciliations increase
sharply, while the free hole concentration calculated from the
oscillation periods A (1/B) coincide to within 10% with
the values calculated from the Hall constant Ry and attains
safuration upon an increase in pressure.
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FIG. 19. Pressure dependence of the Hall constant of electron-irradiated
Pb,_,SnSe  samples at T=42K: sample K22 (x=0.03,
®-=2.8. 10" em ? (curve 7)), sample N8 (x=0, D =57 107 ¢m™? [curve
1.
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FIG. 20. Transverse magnetoresistance oscillations of the electron-irmadiated
sample N8 at 7=42 K (x=0, $=57-10" cm?) under pressure P
(kbar): 6.9 (curve 1), 7.7 (curve 2), 16.4 (curve 3).

The obtained results indicate that the negative sign of
Ry in the insulating phase at tow temperatures cannot be due
to the existence of free electrons since the mobility of charge
carriers in irradiated samples was found to be much lower
than in unirradiated samples, and also lower than in irradi-
ated samples under compression. Apparently, the main con-
ductivity mechanism in the insulating phase at low tempera-
tures is the surface conductivity or conductivity in the
localized states band located in the band gap of the alloys.

A comparison of the experimental data obtained for ai-
loys with x=0 and x=0.03 shows that the activation energy
of the E,; level depends on the alloy composition and pres-
sure (Fig. 21}, while the inversion of the sign of the Hall

40
N\

AE" , meV

[}
0 5 o kpar O

FIG. 21. Pressure dependence of the activation encrgy of the deep level
E,, in clectron-irradiated sample N8 (x=0, $=5.7-10" cm™?).
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constant corresponding to the point of intersection of the
E,; level with the top of the L{ band takes place in both
alloys for the same band gap E, (P;=7 kbar for PbSe and
P ;=3 kbar for the alloys Pb; _,8n Se (x=0.03)). These re-
sults were used to estimate the rate of displacement of the
middle of the E,, band relative to the top of the valence band
L¢ upon a change in the tin concentration and pressure. It
was found that under hydrostatic compression,
d{AE;}/dP=—-5 meV/kbar, and the E,; band slowly
moves downwards relative to the middle of the band gap.
Upon an increase in the tin concentration in the alloy, the
middle of the E,; band also moves downwards slowly rela-
tive to the middle of the band gap and its position relative to
the energy level L; varies  almost  linearly:
E, =L; +(40-700x) meV, and falls in the valence band for
x>0.06.

It should also be observed that in the vicinity of the
insulator—metal transition, significant variation of the charge
carmier parameters occurs in a wide pressure range AP=3-
4 kbar (Figs. 18 and 19). This circumstance points towards a
finite width of the E,| band and permits the use of the pres-
sure dependence of hole concentration in irmadiated alloys for
reconstructing the density of states function in the £, band.
However, calculation of the p(P) dependences from the ex-
perimental dependences p(P) and Ry(P) is considerably
hampered by the additional electron-type conductivity
mechanism in the insulating phase, which is probably asso-
ciated with the surface conductivity. Estimates show that un-
der the assumption of the Gaussian form of the density of
states function in the radiation defects band, the E,; band is
several tfimes nammower than the E, band and its width
amounts to o=3-7 meV.

7. RESONANCE BAND OF RADIATION DEFECTS IN
ELECTRON-IRRADIATED Pb,_,Sn,Te (x=~0.2) ALLOYS

It is well known that hydrostatic compression of
Pb;_,Sn,Te (x<(.35)} alloys reduces the band gap and leads
to the inversion of energy levels at the point L. The concen-
tration of charge carriers remains unchanged in undoped and
nonirradiated crystals,'% but the compression of electron-
irradiated Pb,_,8n,Te (x=0.2) alloys, whose energy spec-
trum contains a wide resonant band of radiation defects,
must lead to a change in the mutual arrangement of allowed
bands at L and the resonant band, thus inducing a rearrange-
ment of electrons between them and a change in the free
charge carrier concentration.

The most comprehensive information about the radiation
defect band in Pb,_ Sn,Te alloys was obtained by studying
the effect of electron irradiation and subsequent uniform
compression on  the  electrical and  physical
properties of Pb,_ . Sn,Te (x=0.2,0.22) alloys of n- and
p-type 3132415758

7.1. Reconstruction of the energy spectrum u'nder pressure

It has been found that when electron-irradiated samples
of Pb,_,Sn,Te (x=0.2,0.22) are subjected to hydrostatic
compression, the hole concentration increases monotonically
in all of them and tends to saturation (Fig. 22). From the
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FIG. 22 Pressure dependence of the hole conceniration in electron-
irradiated p-Pb,_, Sn,8e samples (x=0.2) at T-=42 K {a): sample sp-2
($=2.2.10" em™? (curve 1), sample sp-2 {&=3.35-107 em™2 (curve
2), and sample p-11 (P=1.4-10" em™? {corve 3); diagram showing the
reconstruction of the energy spectrum of the alloy under pressure {b).

point of view of the energy spectrum model of electron-
irradiated Pby _ Sn, Te (x==0.2) alloys {Fig. 22), an increase
in the hole concentration under pressure is possible upon an
increase in the separation between the top of the valence
band and the middle of the resonant band, say, for an un-
changed position of the resonant band relative to the middle
of band gap under pressure. In this case, the resonant band is
“‘immersed”’ into the valence band upon an increase in pres-
sure, collects a part of electrons from the valence band, and
increases the free hole concentration in the valence band.
Preliminary calculations show that the form of the
p(£) dependence is determined by the concentration of the
unfilled states in the resonant band and mutual arrangement
of the middle of the resonant band and the Fermi level in
irradiated samples under atmospheric pressure, as well as by
the form of the density of states function in the resonant
band. In particular, the p(P) dependence for a low capacity
of the resonant band must have a plateau in the pressure
interval in which all vacancies in the resonant band are oc-
cupied by electrons, while the passage of the Fermi level
through the middle of the resonant band must lcad to the
emergence of a characteristic inflection on the p{P) curve,
whose absence may indicate that under altmospheric pressure,
the middle of the resonant band lies below the Fermi tevel.
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FIG. 23. Dependence of the hole concentration in p-Pb, _ Sn, Se samples on
radiation flux at T=42 K: sample p-1 {curve 1), sample p-2 (curve 2),
sample sp-1 (curve 3), sample sp-2 (curve 4). The solid curves are the
results of calculations based on the model with parameters presented in
Table I1.

7.2, Parameters of the energy spectrum model

In order to determine the parameters of the energy spec-
trum model of eclectron-irradiated alloys Pb,_ . Sn,Te
(x==0.2), it is convenient to use the dependence of the hole
concentration in the investigated samples on the radiation
flux (Fig. 23} and pressure {Fig. 22). While calculating the
dependence of the hole concentration on the radiation flux, it
was assumed that a decrease in the hole concentration cccurs
as a result of the flow of electrons from the donor level E; to
the valence band and the acceptor-type resonant band E,
(Fig. 2). Hence the hole concentration must satisfy the equa-
tion

Ep
P@)=po- Ny ng @), nu(®)= g E)a.
(8)

(E—E,)*

T 207

; (9

N,
E)y= ex
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TABLE II. Encrgy spectrum paramecters of electron-irradiated ailoys n Pb,_,Sn, Te.

Type of dN faD, AN fdD, E,—E,. @,
Sample x conductivity em™! cm! meV meV
p-1 0.2 ¥ Q.65 0.7 6.5 2
p-2 0.2 F:d Q.05 0.7 6.2 2
p3 0.2 i 0.7 0.75 6.3 1.9
-4 0.2 P 0.7 0.75 6.5 2
p-11 0.2 P 0.23 0.17 25 1.5
p-12 0.2 ¥ 025 0.2 1.8 1
sp-1 0.2 r 1.9 |1 6.3 4
sp-2 0.2 P 19 1.7 6.5 4
c-22 0.22 n 167 1.7 93 4

where Ny=®dN,/dP, N,=dN, /db, dN,/dP and
dN,/d® being the generation rate of the donor- and
acceptor-type defects during irradiation, g,(£) the density of
states in the acceptor-type resonant band in the form of the
Gaussian-type curve, £, and o are the middle and the width
of the resonant band, and E the Fermi energy calculated by
using the two-band model with parameters of the energy—
momenium relation obtained in Ref. 59.

While constructing the theoretical pressure dependence
of hole concentration, it was assumed that the total hole con-
centration p in the valence band and p, in the resonant band
remains constant during reconstruction of the energy spec-
trum of the irradiated alloy under pressure, while the hole
concentration in the valence band is determined from the
equation

p(P)+pa(P)=p(0)+p,(0). (10)

Considering that PAPY=N,—n, (P), and
pAO)=N,—n,(0), we obtain

p(P)=p(0)+[n{P)—n,0)], (11)

Ex(P)
na(P)=f gJEVIE,
o Na (E_Ea)z i
ga(E)_ U\/ﬂ cxXp| — 20,.2 ’ ( 2)

The best agreement between the theory and (solid curves
in Figs. 22 and 23) experiment was attained by assuming that
the position of the resonant band remains unchanged under
pressure relative to the middle of the band gap, and by using
the model parameters presented in Table II. However, it must
be noted that the theoretical curves differ significantly from
the experimental points under low pressures. This may be
due to the violation of one or several assumptions made dur-
ing computations based on the proposed model. It is quite
possible that the density of states function in the resonant
band may differ from the Gaussian form. Moreover, the as-
surnption concerning the fixed position of the resonant band
relative to the middle of the band gap is not undisputable,
since the obtained experimental data do not allow a precise
calculation of the rate of movement of the resonant band
relative to the edges of the allowed bands of the alloys under
pressure. A reliable evaluation of this parameter requires a
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considerable enlargement of the pressure range or analogous
investigation of Pb;_,Sn Te alloys with a higher concentra-
tion of tin,

However, the available experimental data allow evalua-
tion of the range of rate of displacement of the resonant band
relative to the middle of the band gap. For this purpose, we
calculated the pressure dependence of hole concentration in
irradliated samples vpon a variation of dE,/dP (Fig. 24).
Calculations show that for negative values of dE,/dP, the
disparity between the theoretical dependences p(P) and the
experimental data increases under low pressures. For positive
values of dE_/dP, the agreement between theory and ex-

“a

kbar

FIG. 24. Dependence of hole concentration at T=4.2K in sample sp-2
(®=22-10" cm™? on pressure (a) and vpon variation of the rate
of displacement of resonamce band  under  pressurc  (b):
dAE , dP{meV/kbar}: —0.5 (curve {1}, 0.5 (curve 2).
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FIG. 25. Pressure dependence of the Fermi level position in Pb,_,Sn, Te
(x=02(pp=11- 10" ecm™ % at 42 K for different values of radiation
Mux: @- 10717 em™2 0 (curve 1), 1.0 {curve 2), 2.2 (curve 3), 4.0 (curve 4),
4.6 {curve 5} (calculations made according to the model wilh parameters
characteristic of samples sp-1, 2).

periment improves under low pressures, but the theoretical
dependence deviates sharply from the experimental points in
the maximum pressure region. As a matter of fact, the reso-
nant band approaches so close to the top of the valence band
Lg under pressure for dF,/dP>0.5 meV/kbar that a de-
crease in the hole concentration and a metal-insulator tran-
sition must be observed in the investigated pressure range
due to a flow of electrons from the resonant band to the
valence band. Hence it can be obviously assumed that the
rate of displacement of the resonant band relative to the
middle of the band gap is insignificant and does not exceed
the value dE,/dP=*+0.5 meV/kbar.

The above energy spectrum model was used for calcula-
tions to predict the behavior of electrical and physical param-
eters of the alloy under intense irradiation by electrons and
subsequent uniform compression. The theoretical pressure
dependences of the hole concentration and Fermi level posi-
tion for electron-irradiated alloy p-Pb, _ Sn, Te (x=0.2) are
presented in Figs. 25 and 26. Uniform compression of the
irradiated alloys leads to a reconstruction of the energy spec-
trum of the alloy and a change in the resonant band position
relative to the edge of the allowed bands at L (Fig. 25),
Before band inversion at the point L, the resonant band
moves into the valence band. Hence the hole concentration
must increase rapidly due to electron flow from the valence
band to the rescnant band right until the resonant states are
completely filled. After this, the resonant band remains com-
pletely filled with electrons over a wide range of pressures
about the band inversion point L and does not affect the
charge carrier concentration in the alloy. The saturation level
and the extent of the hole concentration saturation region are
determined by the concentration of the unfilled states in the
resonant band under atmospheric pressure and depends on
the radiation flux,

After band inversion at the point L, the resonant band
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FIG. 26. Pressure dependence of the charge carrier concentration in
Pb,_,Sn,Te (x=0.2)(po=1.1- 10" cm™3) at 4.2 K for different values of
radiation flux: - 10717 cm™% 0 (curve 1), 1.0 (curve 2), 2.2 (curve 3), 4.0
(curve 4), 4.6 (curve 5) (calculations made according to the model with
parameters characteristic of samples sp-1,2).

approaches the top of the valence band, crosses it and passes’
into the band gap. In this case, the hole concentration must
decrease rapidly due to flow of electrons from the resonant
band to the valence band right up to a transition of the
samples to the insulating state, and the Fermi level must be
stabilized by the resonant band lying in the band gap. The
experimental observation of such transitions upon a variation
of the radiation flux in the initial samples may provide useful
information about the parameters of resonant states induced
by electron irradiation in Pb, . Sn,Te alloys,

Finally, it must be observed that, for the alloy with
x=0.22 (the energy is measured from the top of the valence
band), the acceptor-type resonance band lies somewhat lower
than in the alloy with x=0.2 for which the average value of
E,—E, =33 meV for the investigated samples. This cir-
cumstance leads to the assumption that the position of the
resonant band £, relative to the middle of the band gap in
the Pb; ,Sn Te alloy is independent of its composition. In
this case, the middle of the resonant band intersects the top
of the valence band upon a decrease in the tin concentration
in the alloy, and falls in the band gap for x<<0.17. Thus, the
electron imadiation of crystals with low tin concentration
may lead to stabilization of the Fermi level in the band gap
and a transition of the alloys to the insulating state irrespec-
tive of the initial type of conductivity.

CONCLUSION

Thus, investigations of electron-irradiated alloys
Pb;_,Sn,Se and Pb,_ Sn, Te under uniform compression
provide detailed information about the energy spectrum of
radiation defects in these materials. Among other things,
deep and resonant levels of radiation defects have been de-
tected, diagrams of energy spectrum reconstruction have
been obtained under pressure and upon variation of the tin
concentration in the alloy, as well as the data on the structure
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of resonant bands of radiation defects. However, the poten-
tialities of the spectroscopy of localized states under pressure
for A*B® semiconductors have not been exploited fully so
" far.

Investigations over a wide range of tin concentration are
needed in order to reconstruct the energy spectrum of
electron-irradiated altoys Pb, _,Sn,Te upon a change in the
alloy composition and to cbserve the above-mentioned
metal—insulator type transitions under pressure,

So far, only Pb,_,Sn,Se and Pb,_,Sn,Te alloys have
been investigated. No information is available about the en-
ergy spectrum of radiation defects in other A*B% semicon-
ductors.

The microscopic structure of radiation defects in A*B®
semiconductors continues to be one of the most complicated
and unsolved problems. Further information about the nature
of deep centers can be obtained by comparing the experi-
menial data from the initial undoped, doped and electron-
irradiated crystals,

Finally, the investigation of the energy spectrum of
electron-irradiated doped A*B® semiconductors, which was
not considered in this review, is another interesting subject.
The interaction of primary radiation defects and impurilies
may lead to the emergence of new types of defects and the
corresponding deep levels in the energy spectrum of the al-
loys. The first publications on this subject point towards a
strong interaction of the defect-formation processes upon
electron irradiation and doping of Pb,_,Sn, Te alloys by I
group impurities®®! and raise hopes of a considerable modi-
fication of the energy spectrum under a combined effect of
the above-mentioned factors.

This research was carried out under partial financial sup-
port from the Russian Fund for Fundamental Research.
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