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1. INTRODUCTION

The rapid development of electronics, involving the
application of crystalline semiconductors and insulators,
has contributed to an appreciable expansion and deepen-
ing of our knowledge of the structure of solids and has
yielded most valuable information on the physical
processes that occur in them.

In turn, progress in the development of electronic
semiconductor devices is caused to a considerable de-
gree by the accomplishments in the technology of pro-
ducing pure and specially doped materials, which has
made it possible to vary the crystal properties in the
desired direction. The first to be "mastered" in this
respect were the elemental semiconductors germanium
and silicon. Specially purified specimens of these
materials contain less than one impurity atom per 1012

atoms of the host material. Germanium and silicon
were the materials from which the principal elements
of semiconductor electronics, diodes and transistors,
were developed. Subsequently, III-V semiconductors
(compounds of elements of the third and fifth group of
the periodic system) have found wide use, especially in
semiconductor lasers, tunnel diodes, and Gunn diodes.

Progress in science and technology continuously
adds to requirements imposed on semiconductors, and
calls for the development of new materials; nonetheless,
the number of "mastered" semiconductor materials is
still small.

Recently, in connection with new problems of semi-
conductor technology, semiconductor specialists have
become greatly interested in the traditional luminescent
materials—II-VI compounds with wide forbidden bands,
principally in connection with the problem of the devel-
opment of elements for optoelectronics and acousto-
electronics. These compounds have long been used for
the better powdered luminors (for many applications),
but to solve most problems in semiconductor technology
it is necessary to have large crystals and single-crystal
films with specified electrical and optical properties, as
well as p-n junctions. The preparation of such samples
is greatly hindered by the tendency of these compounds
to form various intrinsic defects, to deviate unilaterally
from stoichiometry, and also to have a high melting
temperature in comparison with the sublimation tem-
perature. Nonetheless, the development of modern
technological methods has already led to certain pro-
gress in the preparation of semiconducting materials
based on these compounds, and promises even more in
the future. Among these methods are gas-transport
crystal-growth methods, crystal growth from the melt
at high inert-gas pressure, preparation of films by ion
evaporation and vacuum, and ion doping.

Obviously, the possibilities of using the entire class

of compounds are quite extensive and cannot be de-
scribed in a relatively brief review. Attention is there-
fore focused in this article on problems that cannot be
solved or are very difficult to solve by using other com-
pounds .

We consider the compounds ZnS, ZnO, ZnSe, ZnTe,
CdS, CdSe, CdTe and their solid solutions.

2. TECHNICALLY PROMISING SPECIFIC PROPERTIES
OF WIDE-BAND II-VI SEMICONDUCTORS

A characteristic feature of II-VI compounds is the
possibility of formation of various types of point defects,
impurity and intrinsic, in crystals grown on their basis,
with a great variety of different defect complexes as
well as stacking faults. In many cases these defects
play a beneficial role: thus, point defects can act as
luminescence and photoconductivity centers and can
serve as donors and acceptors, while stacking faults
produce in ZnS an anomalously large photovoltaic effect
reaching hundreds of volts.

In many cases, however, the presence of various de-
fects is highly undesirable. This will be discussed in
greater detail when particular examples are considered.
We emphasize here only that the problems involved in
the technology of II-VI compounds are connected mainly
with controlling the defect structure of the obtained
materials.

The widths of the forbidden bands of the compounds
considered by us and of their solid solutions correspond
to the total spectrum of the visible light and in part to
the ultraviolet region (Table I). This makes it possible
to use them in principle as semiconducting sources and
receivers for visible and ultraviolet light. No less im-
portant is the fact that in crystal phosphors prepared

TABLE I. Forbidden-band widths Eg and effective masses and mobilities

of electrons (n) and holes (p) in II-VI compounds

Compound

ZnS hexa-
gonal

ZnS cubic
ZnO
ZnSe
ZnTe
CdS

CdSe

CdTe

(T-e30e0V-K)
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0.281 c · ) 4
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H O "
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*The symbols II and 1 indicate that the values of the effective mass are connected
with a direction parallel or perpendicular to the c axis of a crystal with hexag

structure.
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from these compounds the electronic radiative transi-
tions have high probability; they have consequently been
long used as effective photoluminors, cathode luminors,
and electro luminors (for example, the photo lumines-
cence quantum yield of good luminors based on ZnS is
close to 100%). This is due to the large depth of the
levels of the luminescence centers and to the associated
low probability of conversion of the excitation energy
into thermal vibrations of the crystal lattice, since such
a conversion corresponds to simultaneous production of
dozens of phonons.

It is very likely that no other class of semiconducting
materials exhibits so broad a luminescence-center
spectrum, extending from the ultraviolet to the infrared,
as do the II-VI compounds.

The same can be said of the photosensitivity centers.
This circumstance, in conjunction with the large mobil-
ity of the electrons and holes in the II-VI semiconduc-
tors (see Table I1') in comparison with their mobility in
other compounds with an equally wide forbidden band,
makes it possible to use them for the construction of
better photoresistors for short-wave light.

However, even greater possibilities for the develop-
ment of sources and receivers of visible and ultraviolet
light is afforded by an important intrinsic property of
wide-band II-VI semiconductors, namely, the presence
of "direct" bands in them, i.e., the coincidence, in
quasimomentum space, of the maximum of the valence
band with the minimum of the conduction band. This
contributes to a high efficiency of intraband radiative
recombination of the electrons and holes, and also to
generation of electron-hole pairs in the absorption of
short-wave light. The presence of such "direct" bands
is a fundamental requirement for semiconductor lasers.

Owing to the ability of II-VI compounds to form solid
solutions, it is possible to vary the width of the for-
bidden band in a wide range, and to vary by the same
token the recombination-radiation spectrum and the
photosensitivity.

The crystal structure of II-VI compounds, whether
hexagonal or cubic without symmetry center, gives rise
of a strong piezoeffect in these compounds (for example,
CdS is approximately ten times more effective than
quartz in this respect). This is used in various acousto-
electric devices such as ultrasound amplifiers, active
delay lines, detectors, strain gauges, etc. In addition,
these crystals are subject to an optical nonlinearity that
can be used to obtain laser harmonics (to increase the
laser frequency) as well as difference frequencies by
mixing modes of different lasers (to decrease the laser
frequency), so as to obtain submillimeter waves.

3. PRINCIPAL TRENDS IN THE USE OF WIDE-BAND
II-VI SEMICONDUCTORS

a) Optoelectronics elements. A new branch of
science and technology, optoelectronics, has been
rapidly developing in recent years. Unlike ordinary
electronics, they function not with electric but with
optical signals. This extends the frequency range in
many cases, makes it possible to employ the advantages
of coherent radiation and to decrease the dimensions of
the devices, improves their interference immunity, etc.

Optoelectronics is a very broad concept, including
many various devices, foremost among which are

luminescence and laser sources as well as light re-
ceivers that are spectrally conjugated with them. Some
of these sources and receivers possess memory, owing
to peculiarities in the kinetics of the processes that
occur in them, or else through artificial complication
of their structure by adding various types (electrical,
magnetic, or optical) of memory elements. By combin-
ing these devices it is possible to develop complicated
structures for computer technology, for information
display, or for automation devices (optrons), light and
image converters and amplifiers, converters for vari-
ous types of radiation, etc.

Optoelectronics as a branch of science entails ob-
servation and investigation of phenomena that can serve
as the basis for optoelectronic technology elements, and
also the study of functional communication by means of
optical signals, namely signal formation, signal propa-
gation in active and passive media, signal input and out-
put, etc.

We begin this section with a consideration of prob-
lems involved in the development of the various light
sources based on II-VI compounds.

1) Lasers with electronic excitation. The first to ob-
serve lasing by excitation with an electron beam were
Basov, Bogdankevich, and Devyatkin, using CdSt26J.
Lasing was subsequently obtained also in CdTe[26],
CdSe[2s|, ZnS[29), ZnSe[3S), and in crystalline CdSxSe^
solid solutions'31'.

These lasers can be used to solve many problems
mainly because of the unique features of their excita-
tion.

Foremost among these features is the use of homo-
geneous undoped crystals. The technology of the manu-
facture of such samples is simple enough in comparison,
say, with the technology of injection lasers or even
electroluminescent light-emitting diodes (see the next
section). No less important is the fact that in these
lasers it is easy to control the light beam, since one
can use for this purpose the well-developed systems for
the control of electron beams (focusing, modulation,
scanning). Further, by electron excitation of II-VI com-
pounds it is possible to obtain light pulses on the order
of one megawatt at a high repetition frequency, and at a
beam divergence of only several minutesf32]. In addition,
the use of II-VI compounds and of the solid solutions
makes it possible, as already noted, to cover the entire
visible and near-ultraviolet spectrum.

These lasers are needed for spectroscopy and bio-
logical research, and to solve a number of technical
problems.

In particular, high-power green lasers are needed
for underwater research. Sea water, as is well known,
has a so-called "transparency window" in the green
region of the spectrum. The best material for this
purpose, from the point of view of the optical charac-
teristics, seems to be CdS.

Ultraviolet lasers, including those of high-power, are
needed to record information in computers. This tech-
nique is based on the coloring of a film made of a mix-
ture of spiropyrine and tribromophenol by ultraviolet
irradiation. The film sensitivity is «5 x 10"2 j / cm 2 . A
system for recording of this type is being developed by
the Telefunken Company (West Germany). A writing
density of &107 bit/cm2 has already been attained
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FIG. 1. Diagram of semiconductor laser
with transverse pumping by an electron
beam. 1 -Electron beam, 2-semiconductor
crystal, 3-laser beam.

Ί 5 6

FIG. 2. Diagram of semiconductor laser with longitudinal pumping
by an electron beam. 1—Electron beam; 2, 3—deflecting-system elec-
trodes; 4—100% mirror; 5—semiconducting single-crystal layer; 6—sub-
strate; 7—semitransparent mirror; 8—laser beam.

(private communication). This is 103 times larger than
obtained with magnetic recording. The ultraviolet light
is generated by doubling the frequency of an argon laser
with the aid of a nonlinear element. The problem can
be simplified by using a solid-state ultraviolet laser.
The best material for this purpose seems to be ZnS.

The relative simplicity with which an electron beam
can be controlled is presently used to develop systems
with scanning of the laser beam in space (scanning
lasers). These systems are based on two types of
lasers, which differ in the type of the sample and in the
mutual directions of the electron and laser beams.

In the first case t 3 3 ] (Fig. 1) the sample is a rod of
rectangular cross section, two opposite faces of which
form the resonator, the excitation being effected through
one of the other faces. The electron beam, whose in-
tensity is modulated by the control signal, moves along
the rod. Lasing is produced in that part of the rod on
which the beam is incident at the given instant. The
laser beam emerges through the semitransparent reso-
nator mirror, and its direction is perpendicular to the
direction of the electron beam. This laser is called
transversely-pumped. When used by itself, it ensures
only one-dimensional scanning of the light beam. It is
possible, however, to obtain two-dimensional scanning
by adding to the system a rotating prism or mirror.

In the second caset 3 4 1 (Fig. 2), the sample is a plane-
parallel plate whose surfaces serve as the resonator
mirrors. The electron beam, controlled by a two-co-
ordinate deflecting system, moves over the surface of
the sample, penetrates through the mirror coating, and
excites lasing in the corresponding part of the semi-
conducting plate. The light emerges through a second
partially-transparent mirror of the resonator. Two-
dimensional scanning by the light beam is obtained in
this case directly. Since the laser beam is oriented
along the electron beam, this type of laser is called a
laser with longitudinal pumping. The length of the
active zone in such a laser is determined by the depth
of penetration of the electrons, so that a relatively high
voltage, J, 50 kV, is needed for their acceleration. For

a laser with transverse pumping, 15—20 kV suffice.

The frequency of scanning lasers can be rapidly
tuned if the rods are made of solid solutions of II-VI
compounds with a composition that varies along the
rod[ 3 1l.

Scanning lasers will probably find use in projection
television135^, including color television, and in systems
for information display on large screens (several
square meters). The point is that the brightness of
cathode-ray tubes with laser screens are larger by two
or three orders of magnitude than the brightness of
modern television projection tubes with luminors.

For projection color TV it is necessary to use a
three-component kinescope with lasers that emit red,
green, and blue light. The material can be CdSe for the
red laser and CdS for the green laser. The main prob-
lem in the development of such a kinescope is that of
the blue laser; in our opinion, the best materials for
this purpose can be obtained on the basis of ZnSe, ZnSx,
Sel-x» a n d ZnxCdi_xS.

No less important a trend in the use of scanning
lasers is their employment as address switches in
large-capacity optical memories. The operating
principle of such a switch1·381 consists of aiming the
electron beam on that part of the screen from which the
laser beam goes to a hologram selected from a matrix
of many holograms, and makes it possible to " read" it
with the aid of a photoreceiver matrix or an image
converter.

Modern light-sensitive materials make it possible to
record holograms containing 10e—107 bit/cm2. The de-
velopment of an address tube for ΙΟ5—10β discrete posi-
tions of the optical beam makes it possible to store
~109 bit on a photographic plate measuring ~100 cm2.
The screen emission should correspond to the maximum
sensitivity of the photoreceivers. For photo multipliers,
this maximum occurs in the green or blue region. The
most promising materials in this case are CdS,
CdSxSei_x, ZnxCdj.xS, ZnSe, and ZnSxSei-x.

To solve most of the foregoing problems it is neces-
sary to have large structurally-perfect single crystals
with linear dimensions on the order of several centi-
meters, without block structures, with a minimum
number of stacking faults and dislocations (< 103 cm2 )3 ),
and also single-crystal plates or epitaxial films with
areas on the order of several square centimeters and
thicknesses £.10—50 μ. Preliminary research results
show that crystals grown from the melt are not suitable
for this purpose.

2) Electroluminescent light sources. The wide spec-
tral ranges, the high probability of radiative transitions,
and the relatively good-mobility of the carriers of wide-
band II-VI semiconductors have naturally attracted the
attention of many researchers wishing to obtain an ef-
fective conversion of electric energy into visible or
ultraviolet light.

From this point of view, powdered electroluminors
based on ZnS have been intensively investigated since
the early Fifties. The electroluminescence of the
powdered ZnS-Cu luminor mixed with a dielectric and
placed in a capacitor to which an alternating voltage is
applied was discovered in 1936 (the Destriau effect)[371.
One of the capacitor electrodes is transparent and the
light passes through it. The advantage of powdered
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electroluminors is that they can be readily used for
the construction of flat non-vacuum light sources of
relatively large area, which are widely used in illum-
inated display panels, control scales, mnemonic cir-
cuits, solid-state screens etc. By matching the spectral
characteristics of electroluminors and photoresistors
(also based on II-VI compounds) one can develop vari-
ous optoelectronic systems such as automatic-control
devices (optrons), amplifiers and converters, e.g., for
x-ray radiology.

The energy efficiency of the best laboratory samples
of electroluminescent capacitors is «2%, i.e., almost
the yield of incandescent lamps. The energy consump-
tion is »1 mW/cm2 of screen, and the brightness is
«300 nit (voltage 220 V at 400 Hz). In our opinion, the
progress in optoelectronic technology, based on the use
of powdered electroluminors, is no longer determined
by the progress and the technology of their preparation.
The peak in the results of this technology has been
reached approximately ten years ago3' by which time
the principal papers devoted to the mechanism of the
Destriau effect have already been publishedi 3 8"4 4 ] 4 ).

What is needed at present is the development of a
commercial technology for electroluminescent capaci-
tors, including control over the granulometric composi-
tion of the luminors, and the use of transparent insulat-
ing binders with large dielectric constant (e i 10),
capable of protecting the luminor against the action of
atmospheric moisture and oxygen.

Many problems of technology of electroluminors call
for the development of optoelectronic devices, electric
communication systems, and other elements, especially
low-inertia photoresistors. Specialists of the Siemens
concern (West Germany) are investigating for this pur-
pose ZnO (private communication), which in this re-
spect is better than the presently used CdS and CdSe.

A very important problem is the development of
electroluminescent oscilloscope and television screens.
Such screens are voltage-scanned. They offer many
advantages over cathode-ray tubes. First, there is no
need for an evacuated tube; second, the required voltage
is lower by at least one order of magnitude than the
accelerating voltage of a modern television kinescope;
third, the thickness of the screen becomes much less
than its width and height.

The first operating models of electroluminescent
television screens were produced by the specialists of
the Japanese concerns Matsushita1·451 and Mitsubishi[46J.
The first model is based on the electroluminor ZnS-Cu,
Al. The scanning is over 230 vertical and as many
horizontal electrodes (52 900 image elements). The
brightness is voltage-modulated.

In the Mitsubishi model, the number of image ele-
ments is 80 x 80, the luminor is ZnSxSei_x-Cu, Br
with χ =0.7. This luminor produces a larger image
contrast than ZnS-Cu, Al. The brightness is modulated
by the number of voltage pulses.

The exciting voltage is 300—400 V in the first model,
and 450 V in the second. The power supplies are rela-
tively large.

Electroluminescence of light sources having no die-
lectric binder usually occurs at lower voltages. This
includes electroluminescence of sublimated films,
"domain" electroluminescence5', and in particular re-

combination radiation of semiconductors, produced
when minority carriers are injected in them (injection
electroluminescence). This includes, in particular, the
luminescence of forward-biased p-n junctions; in this
case the needed supply voltage is approximately equal
to the width of the forbidden band, i.e., only several
volts. This is very important, for in this case one can
use small integrated-circuit power supplies. From the
point of view of efficiency, injection electrolumines-
cence is likewise most promising. As is well known, in
this case the theory predicts an energy yield of
~100%[47]. However, the actual efficiencies of injection
sources based on II-VI compounds are still close to the
efficiencies of electroluminescent capacitors.

The point is that the development of effective injec-
tion sources of light based on II-VI semiconductors en-
counters great difficulties, due to the tendency of the
defects in these semiconductors to become mutually
compensated (donors by acceptors), leading to a low
electric conductivity, and due to the tendency to form
a single type conductivity, so that the preparation of
p-n junctions becomes difficult8'. Thus, for example,
the obtained ZnS, ZnO, ZnSe, CdS, and CdSe crystals
are only of the η-type, and the ZnTe crystals are of the
p-type. The reason is that these crystals are usually
grown and doped at high temperatures, at which elec-
troneutrality is ensured during the doping process not
by the free carriers but by charged vacancies that are
produced at these temperatures^49'501.

In addition, in all the II-VI compounds, especially in
the sulfides and selenides, additional factors can act
and interfere with their synthesis in the form of n- or
p-type with low resistance. First, the solubility of the
suitable acceptor impurities may be too low (i.e., less
than the minimum donor impurity concentration attained
at the present time in the purification process) and,
second, the impurities may not enter in the required
form. For example, a metal of the first group (acceptor
impurity), may form a donor when it lands in an inter-
stice.

Let us dwell in greater detail on the present status
and prospects of the development of injection light
sources based on wide-band II-VI semiconductors.

A p-n junction was produced in[ 5 1 J by diffusion of Al
and Cd donor impurities into p-type ZnTe. Injection
electroluminescence was observed in this junction
starting with 2.5 V. The emission maximum was at
575 nm. The quantum yield was approximately 1% at
77° Κ.

FIG. 3. Idealized band scheme of
Cu2 S-ZnS heterojunction: a) at equilib-
rium; b) when a voltage U in the opposite
direction is applied. I-electron tunneling.
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In ZnS, p-n junctions were obtained by diffusion of
Cu and Ag acceptor impurities in a high-resistance
η-type crystal (~108 Ω-οιη)[ 5 2"Η 1. Injection electro-
luminescence was observed starting with approximately
2 V. The luminescence spectrum contained a blue band
and an ultraviolet band with maxima at 450 and 360 nm,
respectively. The external quantum yield was ~0.1% at
room temperature.

Better light-emitting diodes were obtained, however,
with solid solutions. First among them is ZnSexTei_x

with 0.4 < χ £ 0.5 (p type). The p-n junctions were ob-
tained by diffusion of aluminum. The diode produces
red light with a maximum near 625 nm. The external
quantum efficiency is «18% at 70°K[55]. Next comes
CdxMgi_xTe (x = 0.65). The light-emitting diodes were
prepared by diffusion of Ρ and Cd. The maximum of
the emission occurs at 680 nm t 5 e " 5 8 ] . The efficiency
reaches «1% at room temperature (private communica-
tion).

We indicate for comparison that a similar efficiency
is possessed by the better light-emitting diodes based
on III-V compounds, which are presently used in opto-
electronics for the visible region of the spectrum. Thus,
the " r e d " GaP light-emitting diodes of the West-
German concern "Siemens" and of the Japanese con-
cerns Matsushita and Toshiba have efficiencies 1—2%,
while the "yellow" and "green" diodes have 0.2%). It
should be noted here that the cost of diodes based on
gallium compounds is higher by approximately one
order of magnitude. The specialists of the Matsushita
concern, who have developed a CdxMgi_xTe diode, state
that its use in numerical indicators of portable compu-
ters, in place of GaP diodes, can lower the cost of these
computers by a factor 2—3 (private communication).

However, light-emitting diodes based on II-VI com-
pounds and obtained by thermal diffusion usually pro-
duce a much lower brightness than II-V light -emitting
diodes. The reason is the high resistance of both the
initial crystals and of the regions in which the conduc-
tivity is inverted by thermal diffusion. Nonetheless, the
relatively high efficiency of injection luminescence of
light-emitting diodes that are far from perfect gives
grounds for hoping to realize an effective injection light
source based on the wideband II-VI compounds. This
returns us to the problem of overcoming their tendency
to mutual compensation of the defects and of obtaining
low-resistance materials of the n- or p-type.

The feasibility in principle of overcoming these
tendencies and of controlling the electric properties of
the wide-band II-VI compounds is uncovered by the ion-
doping method7'. Ion doping can be carried out at rela-
tively low temperatures, at which the thermal-equili-
brium vacancy concentration is low and the vacancies
are unable to compete with the free carriers in the
maintenance of electroneutrality. The point is that in
the cases of interest to us the enthalpy of vacancy pro-
duction exceeds the energy released by electron trans-
fer from a vacancy to the introduced impurity (the com-
pensation process), i.e., this energy is insufficient for
vacancy production. To produce a vacancy it is neces-
sary to have an appreciable increment of thermal en-
ergy, so that the compensation process does not play a
noticeable role at low temperatures. At high tempera-
tures, on the other hand, at which the doping by the
usual methods is carried out the free energy of the
crystal8 1 G = Η - TS becomes minimal because of the

entropy term, namely when a large number of vacancies
is produced and electrons are exchanged between them
and the impurity centers. This is why these centers
are strongly compensated.

Ion doping, however, produces undesirable radiation
defects, due to the transfer of a fraction of the crystal-
lattice atoms from the sites to the interstices. This
necessitates a subsequent annealing, whereby the radia-
tion defects are eliminated and the atoms of the intro-
duced impurities occupy in the crystal lattice a position
in which they acquire the required electric activity.
Experience shows that in many cases it is possible to
choose annealing regimes in which the compensation is
negligible.

A p-type layer (resistivity ~104U-cm) was obtained
inr 5 9"8 1 ] by bombarding insulating ZnS crystals by silver
ions, followed by annealing at «450°C in sulfur and
ZnS vapor. Silver was chosen because the acceptor
centers it produces in ZnS are stable^5*1 and have a
relatively low ionization energy and good luminescent
properties.

Approximately the same annealing temperature was
used to produce p-n junctions of CdS doped with phos-
phorus^' 8 3 1 , nitrogenr84], and bismuth ions[ e 5 ] . The
choice of acceptor impurities in the case of CdS, in our
opinion, was determined by the possibilities of using the
commercial ion-doping installations designed for silicon.
From the point of view of acceptor properties, these
impurities are far from being the best for II-VI com-
pounds. The depths of the phosphorus and nitrogen ac-
ceptor levels in CdS are quite large («*1 eV), so that it
is impossible to obtain a low-resistance p-type region.
Nonetheless, the obtained p-n junctions produced yellow
and even green electroluminescence at a forward cur-
rent »10 mA.

The first report of successful change of the type of
conductivity in the highly-conducting ZnSe (η-type) is
contained in [ e 8 ] . The type of conductivity was changed
by introducing lithium ions (acceptor impurity) followed
by annealing at 300—400°C. The diodes obtained from
these samples produced yellow electroluminescence at
a current 0.07 mA.

Concluding the discussion of the prospects of the ion-
doping method as applied to II-VI compounds, we note
that the obstacle to thermodiffusion or any other high-
temperature method of doping is in many cases the
relatively low volume solubility of the acceptor and
donor impurities. As a result, the introduced impurity
settles on the surface or decorates dislocations, form-
ing a second phase. The ion-doping method in which the
diffusion processes that determine precipitation of a
second phase do not play a noticeable role (since the
temperature is low) makes it possible to raise signifi-
cantly the solubility limit. This is of particular import-
ance because of the relatively large ionization energy
of the impurity centers, especially acceptors, in II-VI
compounds.

Another method of producing injection light sources
is to prepare heterostructures, particularly hetero-
junctionse). In principle this makes it possible to avoid
the difficulties connected with the tendency of wide-band
II-VI semiconductors to acquire one type of conductivity.
As seen from Table II, in most cases we have at our
disposal material of the η-type. It is therefore neces-
sary to ensure injection of holes into thi3 material.
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TABLE II Vacuum level

Semi-
conductor

ZnS

ZnO
ZnSe
ZnTe
CdS
CdSe
CdTe

Type of

crystal lattice

Cubic
Hexagonal

Cubic

Hexagonal

Cubic

*Energy distance fron

Crystal lattice

constants

a = 5.41 «'
a = 3 , 8 1 , c = 6.23 68
a = 3.24, c = 5.19«a

5.65» '
6 . 0 7 "

a = 4.13, c = 6.69 ·«
a = 4.30, c = 7.02«8

6.41 »'

Type of

ductivity

n-type

p-type
n-type

n-, p-type

Work

eV['J

5.4

4.68
4.84
5.43
5.01
5.22
4.67

i

β·)." '

7.5

7.82
6.82
5.76
7.26
6.62
5.78

the top of the valence band to the vacuum level.

p-type

FIG. 4. Idealized band scheme of heterojunction: a) at equilibrium;
b) with the voltage U applied in the forward direction. Φ] and Φ2 -work
functions of the semiconductors of n- and p-type, respectively; AEC—
energy gap in conduction band; ΔΕν—energy gap in valence band; 1 —
electron extraction; 2—hole injection; 3—radiative electron-hole recom-
bination.

This means that to prepare a heterojunction it is neces-
sary to have semiconducting material of p-type, which
must be crystallographically compatible with the lum-
inescent material, i.e., it should have a similar struc-
ture in approximately equal lattice constants. In addi-
tion, it should have a large work function and a larger
forbidden band, or at least one of nearly equal width
(Table II).

Crystallographic compatibility is essential in order
for the lattices to grow together and in order to de-
crease the number of interface electronic states. These
states correspond to centers of rapid nonradiative re-
combination, which participate in the so-called tunnel-
recombination mechanism of current flow through a
heterojunction.[e9'70J.

The large work function and the wide forbidden bands
are needed in order that the extraction of the electrons
from the luminescent semiconductor not prevail over
the injection of holes into the semiconductor (Fig. 4).

Many attempts were made to develop heterojunctions
based on wide-band II-VI semiconductors. So far, how-
ever, no material having all the aforementioned proper-
ties has been found. As a result, one of the main advan-
tages of II-VI semiconductors was lost, namely the
large probability of radiative recombination. This was
due to the formation fast-nonradiative-recombination
centers on the boundary of the two phases. In addition,
the effectiveness of the heterojunctions was strongly
lowered because extraction of the majority carrier from
the luminescent semiconductor prevailed over the in-
jection of minority carriers into it. It is possible that
a way out of this situation will be found by producing a
smooth variation of the solid solution of the n-type

FIG. 5. Band scheme of a con-
tact between a metal and an n-type
semiconductor with an inversion
layer: a) at equilibrium; b) with
voltage applied in the forward di-
rection. I—n-region, II—inversion
layer; Ep-Fermi level; Eo-center
of forbidden band of semiconduc-
tor; «-free electron, o-free hole;
"-"-luminescence center; Θ -
ionized luminescence center. 1-
electron extraction; 2—hole injec-
tion; 3—interband radiative elec-
tron-hole recombination; 4—radi-
ative recombination on lumines-
cence centers.

semiconductor with the p-type semiconductor, resulting
in a continuous p-n heterojunction without a phase
boundary with nonradiative centers. To this end it is
necessary that both semiconducting compounds produce
an extensive series of solid solutions. It appears that
smooth heterojunctions were produced in the
ZnxCdi-xTe solid solution in the vicinity of χ = 0.4[ 7 1 ].
The external electroluminescence quantum yield is
6% at 77°K. The emission maximum is located near
720 nm.

Minority carriers can also be injected into the semi-
conductor from a metallic contact. To this end, the
metal must have a suitable work function (larger than
that of the n-type semiconductor and smaller than that of
the p-type). In this case, too, the competing process is
the extraction of the majority carriers.

Somewhat better conditions for radiative recombina-
tion, to the detriment of extraction, are realized when
an inversion layer, i.e., a layer with reverse type of
conductivity, is produced in the semiconductor region
near the contact. Such a layer is produced when the
bending of the semiconducting bands near the contact
is so large that the Fermi level turns out to be in the
other half of the forbidden band.

Figure 5 shows the band scheme of an n-type semi-
conductor in contact with a metal having a larger work
function. As is seen from the figure, the luminescence
centers in the inversion layer are partially ionized
(filled with holes)101 already when the barrier is formed.
The necessary condition for the formation of the inver-
sion layer in the case of an n-type semiconductor (see
Fig. 5) is the relation * M > Θ - (Eg/2), where Φ^ is
the work function of the metal and Θ is the energy dis-
tance from the top of the valence band to the vacuum
level. The inverse inequality, ΦΜ < @ - (Eg/2), holds
for p-type semiconductors.

Actually, the conditions for effective injection are
even more stringent, namely ΦΜ Ζ ® (η-type) and
ΦΜ S © - Eg (ρ type). Under these conditions, the
edges of the corresponding bands (the top of the valence
band in n-type semiconductors and the bottom of the
conduction band in p-type semiconductors) bend at the
contact in such a way that they reach or cross the
Fermi level. This means that a degenerate state is
produced in the inversion layer.

429 Sov. Phys.-Usp., Vol. 17, No. 3, November-December T974 A. N. Georgobiani 429



Unfortunately, it is impossible to realize these con-
ditions in most wide-band II-VI semiconductors of
n-type[ 1 3 ]. By way o'f example let us consider ZnS.
Using the data given in Tables I and II, let us determine
the work function that the metal must have to produce
an inversion layer. We obtain ΦΜ £ 5.65 eV. The
metal with the largest work function is platinum, with
Φρι « 4.7 eV[73]. We see that even this value is small
for ZnS.

However, an inversion layer can be produced also by
contact with a chemical compound having the necessary
work function.

Low-voltage electroluminescence of ZnS as a result
of the formation of an inversion layer was observed
in[ 7 4 1 . This layer was produced at a contact of ZnS with
concentrated sulfuric acid. Blue luminescence was ob-
served at a direct current 0.27 mA (voltage 12 V). The
quantum yield was ~0.01%.

In a number of studies they used instead of the
"metal-semiconductor" structure more complicated
heterostructures, namely "metal-insulator-semicon-
ductor." The introduction of the insulator makes it
possible in some cases to use metals whose work func -
tion does not satisfy the condition for the formation of
the inversion layer. The forbidden band of the insulator
used in such a structure should be so placed relative to
the vacuum level that an additional potential barrier is
produced and hinders the extraction of the majority
carriers of the semiconductor, but no barrier inter-
fering with the injection of the minority carriers should
be formed. It is customary to use wide-band oxides for
this purpose. The first such electroluminescent device
was constructed in [ 7 5 ] .

However, the electroluminescence efficiency of com-
plex heterostructures is low. The probable reason is
that it is difficult to avoid nonradiative recombination
via interphase states on the boundary between the semi-
conductor and the insulator.

Thus, the most promising for injection light sources
based on wide-band II-VI semiconductors are p-n junc-
tions obtained by the ion-doping method, as well as
continuous heterojunctions based on solid solutions with
variable composition.

In concluding this section, let us consider "low-
voltage" pre-breakdown electroluminescence. It is
produced when a relatively low voltage is applied to the
sample and is concentrated in such a thin semiconductor
layer that a near-breakdown field is produced in this
layer. The electric-breakdown processes cause ioniza-
tion of the crystal lattice and of the luminescence cen-
ters . Such an electroluminescence can arise, for exam-
ple, in the barrier of an inverse-biased p-n junction, in
a mobile electronic domain12', and obviously in a thin
single-crystal layer.

Pre-breakdown electroluminescence of p-n junction
in ZnS was observed in t M 1 . At a voltage 25 V, a large
fraction of the luminescence corresponded to interband
recombination of electron-hole pairs («335 nm).

Mobile electronic domains are produced in crystals
with relatively low resistivity. In1·7 7'8 1 1 there was ob-
served low-voltage luminescence of ZnS crystals of
resistivity ~104 Ω-cm, due to concentration of the elec-
tric voltage in an acoustoelectric domain13'. The lumi-
nescence region moved over the crystal together with

the domain, at acoustic velocity. The luminescence,
including blue and ultraviolet emission, was observed
in a sample «1 mm thick at «20 V. The energy ef-
ficiency was ~10~3%. The inertia delay was £2 χ 10"7

sec, which is smaller by 3—4 orders of magnitude than
in the case of powdered electroluminors based on ZnS.
"Domain" electroluminescence can apparently find ap-
plication in devices with optical scanning and also in
pulsed light sources.

As to thin single-crystal layers, a remarkable result
was recently obtained with sublimated ZnS films,
namely a transition from pre-breakdown electrolumi-
nescence to the stimulated emission regime, i.e., the
laser effect was produced in electric breakdown of the
semiconductor1821.

3) Light receivers. The production of p-n junctions
and heterojunctions in wide-band semiconductors of the
II-VI group is important for the construction not only
of sources but also of receivers for short-wave light,
based on the photovoltaic effect in the potential barrier
of the p-n junction. The generated emi's can reach
values equal to these barriers. Thus, for example, a
photo-emf «2.5 V was obtained with p-n junctions in
ZnS[ 5 4 ]. The higher conversion efficiency of the optical
energy into electricity, attained in solar batteries based
on the heterojunction CdTe—Cu2Te, amounts to «7.5%
(300°K)[83"B51. Anomalously high photo-emf's, reaching
hundreds of volts, were observed in certain ZnS
crystals1 8 6"8 8 1. This was due to the summation of emf's
in a large number of barriers connected with stacking
faults. The powers generated, however, were negligibly
small.

Let us return to "poor" p-n junctions obtained by
usual methods, for example by thermodiffusion of the
impurity, but now in connection with the problem of the
so-called photo-p-n-junction. Both the η and the ρ
region in these p-n junctions are strongly compensated.
This means that the electrons in the ρ region have
moved away from the compensating donors to the ac-
ceptors, converting these donors by the same token
into electron traps, while in the η region the electrons
have moved from most donors to compensating accep-
tors, converting the latter into hole traps. When such
p-n junctions are illuminated with light corresponding
to the intrinsic absorption of the semiconductor, free
electrons and holes are generated in the η and ρ
regions. If the traps and the compensated donors and
acceptors have suitable properties, a situation may
arise wherein the electrons in the ρ region are cap-
tured by the traps and the holes remain free, and
conversely, the holes in the η region are captured by
the traps while the electrons remain free. The resist-
ance of either the η or the ρ region is then greatly
decreased because of the increase in the density of the
majority carriers, and a good p-n junction state is ob-
tained. A p-n junction with this property is called a
photo-p-n junction. When it is illuminated, it is obvious
that not only the direct current, but also the injection
luminescence can increase in this junction. Either one
can be used to record the initiating light. A similar
phenomenon can be observed also in "frozen" p-n
junctions, in which the donors and acceptors are deep
(on the order of several tenths of an electron volt), so
that illumination with appropriate infrared light is
necessary to free the electrons in the end region and
the holes in the ρ region. A p-n junction having these
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properties was realized on the basis of Zn Se x Tei_ x

[ 8 9 ] .
The quantum yield of the injection electroluminescence
at 70 Κ reaches «20%.

We shall not dwell in detail on the photoconductivity.
It has been the subject of many articles and mono-
graphs (see, e.g.,t90~97]). The electric and optical
properties of semiconductors based on II-VI compounds
are under intense investigation even now. They are of
interest not only because of the abundance of physical
effects, but also because of the prospects of their prac-
tical utilization. A high photosensitivity could be ob-
tained in all the compounds of this group; the range of
forbidden-band widths, as already noted, makes it pos-
sible to obtain maximum photosensitivity starting with
the near ultraviolet all the way to the near infrared
region of the spectrum. Interest in these photoconduc-
tors has increased recently in connection with a number
of optoelectronic problems, such as the development of
high-efficiency light receivers, operative-memory
cells, modulating and scanning devices, active elements
for amplifiers and converters of light and images, radi-
ation converters and controllable transparencies, etc.
The photoconductivity phenomena are observed in an
unusually wide range—photocurrents are observed in
materials having resistivities from 1 to 1018fl-cm. The
free-carrier lifetime, which determines the photosensi-
tivity of the material, ranges from dozens of minutes
to 10"1 2sec.

It is known that the most widely used semiconductors
of the II-VI groups are photoconductors based on CdSn
and CdSe. Much progress was made both in the under-
standing of the processes that occur in them, principally
as a result of the work by Bube and Sheinkman (see,
e ^ f9o 93-97]̂  a n £j j n ^ e r e c e j v e r technology, where

much was done by Dolomiets (see, e.g.,£98]). It was
established that the photosensitivity of materials with
suitable band structure is determined mainly by the
so-called r-centers [ 9 3 ' 9 6 ] . In η-type semiconductors,
these are compensated singly-charged acceptors, hole
traps1 4 ' , which are in many cases also the lumines-
cence centers. They usually represent intrinsic defects
of the crystal lattice or else complexes comprising an
intrinsic defect and an impurity. The main parameter
limiting the application of such receivers is their high
inertia at low illuminations. Thus, for example, the
smallest inertia of the photoreceivers in image ampli-
fiers amounts to «20 msec in the case of CdS and
1 msec in the case of CdSe. It should be noted once
more that, according to statements made by staff mem-
bers of the Siemens concern (West Germany) the inertia
of photoreceivers based on ZnO is much lower than in
the case of CeS and CdSe.

One of the interesting phenomena observed in many
photosemiconductors is infrared quenching of photo-
conductivity. This is one of the most important phe-
nomena with the aid of which wide-band semiconductors
can be used to register infrared light. It was observed
by a number of workers in various photosemiconductors,
including CdS, CdSe[90'93-97l, ZnSe[99>100J and ZnSri01J. It
was investigated theoretically most completely by Kal-
ashnikov, Maev, and Pustovoit (see, e.g.,[ 1 0 2 ]). The gist
of this phenomenon is that the photocurrent, or equiva-
lently the concentration of the nonequilibrium carriers,
in a photosemiconducting crystal illuminated by infrared
light of definite wavelength can decrease abruptly, by
four or five orders of magnitude, thereby essentially

FIG. 6. Energy level scheme of photosemiconductor with two types
of centers electron capture probabilities by the corresponding centers,
r and S. Er, Eg—positions of energy levels of centers; Nr, N§—their con-
centrations; nr, n<j—concentrations of the electrons on them; ar, ag—
electron capture probabilities; βτ, /3s-hole capture probabilities. The
directions of the straight arrows correspond to electron transitions. ·—
free electrons, o-free holes (the wavy arrows indicate thermalization
processes).

transferring the crystal from the state of a normal
semiconductor into the state of a good insulator. The
nature of the occurring phenomena can be explained by
considering the band scheme of an η-type photoconductor
with two types of centers (Fig. 6). These are, first, the
r centers and second the so-called S centers, which are
centers of rapid and as a rule nonradiative recombina-
tion of electron-hole pairs. The nature of these centers
is not yet fully clear, but these centers are registered
by investigating the kinetics of the photoconductivity.
The levels corresponding to these centers lie closer to
the center of the forbidden band, and the probabilities
of electron and hole capture by these centers, as a n d
/3s, are approximately of the same order and lie in the
range ~1CT8—10"10 cm3 sec"1, depending on the particu-
lar properties of the material. For our centers we
have βτ/ατ ~ 104-106, α Γ ~ 10-10-10-13 cm3 se C - l f 9 5 ' 9 e ] .
When such a semiconductor is illuminated with light
having a quantum energy Κω ζ Eg, electrons and holes
are generated in the conduction and valence bands, re-
spectively. In the presence of r centers, the holes
from the valence band are captured mainly by the r
centers and the channel of recombination via the S
centers has low effectiveness, so that ordinary photo-
conductivity is observed. When infrared illumination
with a quantum energy on the order of the depth of the
hole trap (r center) is applied, the holes leave these
centers. The growth of the hole concentration in the
valence band leads to an increase in the channel of
electron recombination via S centers, and consequently
to a sharp drop of the electric conductivity of the sam-
ple. Experiment shows that this drop can reach five or
six orders of magnitude[9S>99]. It appears that this phe-
nomenon is nearly as effective as the intrinsic photo-
conductivity, but has less inertia. As shown by theoreti-
cal estimatesr i 0 3 ] , the relaxation time can be approxi-
mately 10"β—10"8 sec. An analysis of the kinetics of the
processes that occur within the framework of such a
two-level model (see the band scheme in Fig. 6) en-
ables us to formulate the necessary conditions that must
be satisfied by the center parameters in order for the
infrared excitation of the photoconductivity to become
effectively manifest[102]. First, the concentration of the
free carriers in the conduction band should be lower
than the concentration of the r centers. This relation
makes it possible to modify significantly, with the aid
of the r centers, the concentration of the free electrons
in the conduction band. Second, ar/as <κ βτ/βδ· Satis-
faction of this condition ensures an appreciable differ-
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ence between the r and S centers and makes it possible
to accumulate holes at the r centers (i.e., to sensitize
the crystal). Third, n r βΓ > ΐ^βε- This condition en-
sures a larger and overwhelming activity of the r
centers with respect to hole capture. It must be em-
phasized that infrared extinction of photoconductivity
is observed most frequently in crystals with high photo-
sensitivity, so that in the preparation of the correspond-
ing materials one should bear in mind the joint occur-
rence of these phenomena.

4) Devices for light-beam control and laser tech-
nology . Semiconductor materials of the II-VI group are
widely used in devices connected with control of optical
signals.

There are many processes of variation of absorption,
refraction, and diffraction scattering of light, which
lead to modulation and deflection (scanning) of laser
beams1-104"1071. Nevertheless extensive research is being
carried out on new materials and physical phenomena
capable of increasing the efficiency and expanding the
spectral range over which the optical signal can be
controlled. It becomes obvious that the use of semicon-
ducting materials is particularly promising for optical
frequencies close to the fundamental absorption edge.
To modulate this light, extensive use is made of the
Franz-Keldysh effect (shift of the intrinsic absorption
energy by an electric field); see, e.g.,[1041.

For optoelectronics problems, at the same frequen-
cies, interest attaches to infrared extinction of photo-
conductivity. The point is that the dielectric constant,
and consequently also the refractive index, depend es-
sentially on the concentration of the electrons in the
conduction band. Infrared extinction of the photoconduc-
tivity makes it possible to vary the number of electrons
in the conduction band and to control the refractive in-
dex of the semiconductor. A theoretical analysis of this
effect^1081 has shown that it is possible to vary the die-
lectric constant, particularly in CdS, by as much as
several tenths of 1%.

The light beam is effectively modulated by rotating
the plane of polarization as a result of the electrooptical
effect. The linear electrooptical effect (the Pockels
effect) of ZnTe and CdTe exceeds by several times the
corresponding coefficient of GaAs. Its value varies
little in a wide spectral region.

For modulation and scanning of light one can use the
diffraction of light by ultrasonic waves in crystals. For
optical frequencies close to the intrinsic absorption
edge, specific mechanisms of elastic optical interaction
become significant. In this case the propagation of an
acoustic wave in a crystal leads to periodic modulation
of both the width of the forbidden band (via the deforma-
tion potential) and of the electron density in the conduc-
tion band1-109'. The latter mechanism is important for
piezosemiconductors. In all probability it is precisely
these two processes that cause effective modulation of
the light flux by moving acoustoelectric domains in CdS
crystals [110~1121 at frequencies corresponding to the
intrinsic absorption edge.

Naturally, for a practical realization of all these ef-
fects it is necessary to have crystals in which the im-
purity absorption does not "smear out" the intrinsic
absorption edge. To broaden the spectral range of de-
vices used to control optical signals it is necessary
also to have a large assortment of mixed crystals.

Semiconducting materials of the II-VI groups are
widely used in laser technology. They are successfully
used as optical media for lasers in the visible and
ultraviolet bands with two-photon optical pumping (see
Brodin's monograph^1 3 1 1 5 ).

Crystals having a structure without an inversion
center, for example ZnTe, are used as nonlinear opti-
cal elements to generate laser harmonics (to increase
the laser frequency), and also to obtain difference fre-
quencies (generation of submillimeter wavelengths)1-1141.
By using wide-band II-VI semiconductors it is possible
to vary laser parameters in a wide range.

I n r U 5 ] it is proposed to use nonlinear absorption of
crystals, for example two-photon absorption, to vary
the laser-emission duration from 20 nsec to 1 μ sec. To
this end, a crystal with two-photon absorption must be
placed inside the resonator of a Q-switched laser. This
produces inertialess negative feedback. The limitation
of the light flux in crystals with two-photon absorption
causes not only a change in the duration of the light
pulse, but also an improvement in the spatial structure
of the beam[ 1 1 6 1.

Lasers with variable pulse duration were already
produced by using CdS nonlinear elements (in ruby
lasers1 1 1 5 1 1 7 ]) or CdSe (in neodymium lasers[ 1 1 6 > 1 1 8 1).

Lasers of this kind can be used as heterodyne-lasers.
They can be used to pump parametric light generators
(in which case a stationary operating regime is possi-
ble ) [ 1 1 β ) and to study the kinetics of chemical, biological,
and physical processes.

Two-photon absorption of CdS, CdSxSei-x, CdSe,
and ZnS is used to limit the intensity of laser
beamsr i 2 0 ' 1 2 1 1 .

The use of crystals with two-photon absorption
CdS, ZnS, CdSxSe^_x) is also promising for the meas-
urement of certain parameters of ultrashort light
pulses. Thus, for example, the absolute values of the
first moments of mode-locked neodymium-laser emis-
sion were measured in r i 2 2 > 1 2 3 ] by using nonlinear ab-
sorption of light by CdS^Sej-x single crystals in two-
photon interband transitions, which leads to an expo-
nential decrease of the pump-radiation intensity.
CdSxSe^_x and ZnS crystals were used to determine
the pulse duration of the fundamental and doubled fre-
quency (~1CT12 sec) of a mode-locked laser. This
method is based on measuring the emission region pro-
duced as a result of two-photon absorption by the
crystal when f pulsed light beams overlap^1241. The use
of semiconductors for this purpose instead of liquid
dyes offers many advantages, due to the high probability
of two-photon absorption and to the larger lumines-
cence quantum yield due to this absorption. This makes
it possible to measure the duration of the light pulses
at relatively low light-flux intensity. For the same
reason it is possible to increase also the time resolu-
tion of the method, since one can use objectives with
smaller aperture1-1251. An important role is played also
by the possibility of selecting the two-photon absorption
of a semiconductor with suitable forbidden-band width
to investigate lasers with different emission wave-
lengths. Owing to the use of mixed crystals, this selec-
tion is simpler than the selection of a suitable dye.

Crystals used in laser technology must obviously
have the high homogeneity and purity usually required
of laser materials.
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b) Elements for acoustoelectronics. The last decade
has seen a vigorous development of another new branch
of science and technology, namely acoustoelectronics.
This trend is based on the following phenomenon, first
observed in CdS: If the semiconductor is subjected to
an electric field such that the electron or hole moves
in it with velocity larger than the phase velocity vg of
the acoustic waves, then amplification and generation of
acoustic waves takes place in the crystal1 1 2 e > 1 2 7 ].

The physical process that occurs upon amplification
and generation of acoustic waves by a drifting flux of
electrons in a solid consists in the following: The pass-
ing elastic wave leads to a redistribution of the elec-
trons in space in such a way that the region with in-
creased electron density is produced, i.e., a volume
space charge. If the space charge is now made to drift
by an external and electric field in the wave direction
with supersonic velocity, then the space charge will
emit phonons, in analogy with free electrons.

This is the nature of the amplification effect at low
frequencies, when the amplification or generation of
the elastic waves are due to Cerenkov radiation of the
space charge produced by the wave itself. At high fre-
quencies, when no space charge can be produced within
a time equal to the period of the wave, the amplification
of the acoustic waves is due to the Cerenkov radiation
of the individual electrons, in analogy with the two-
stream instability in a gas-discharge plasma.

It is important that the experimentally obtained sig-
nal gains are large enough (102— 103dB/cm), and that
this phenomenon can be widely used in technology (see,
for example, the reviews[ 1 2 8'1 2 9 ]).

The functional connection between the individual
elements in acoustoelectronic devices is realized with
the aid of acoustic waves.

At the present time, many different models of in-
struments based on this phenomenon have been pro-
posed. They cannot be described in a brief review, and
we therefore shall dwell only on the principal elements
of acoustoelectric devices; all these devices can be ob-
tained by combining and elaborating these fundamental
elements.

1) Amplifiers of acoustic and microwave oscillations,
active delay lines. The schematic diagram of an
acoustoelectric amplifier is shown in Fig. 7t126;128J. An
electric microwave signal from the generator is fed to
a converter, which transforms an electric microwave
signal into an acoustic signal, i.e., into a propagating
acoustic wave. The sound wave then passes through the
first buffer into the active medium of the amplifier,
which, is a piezosemiconducting crystal, is amplified in
this crystal and then, passing through a second buffer,
enters a second converter in which the acoustic signal
is transformed into an electric microwave signal de-
tected by a receiver. The converters can be CdS,
CdSe, or ZnO piezoelectric crystals or films[ l 3 0 ] . The
buffers are simply passive media for the acoustic
waves and isolate electrically the power supply of the
active element from the generator and the receiver. It
is important that all the elements of the acoustoelectric
amplifier can be made from II-VI compounds. The most
actively used active media are CdS, CdSe, and ZnO
crystals (the latter is the most promising). In these
crystals, a voltage source is used to produce an elec-
tric field that causes a directional drift of electrons

FIG. 7. Schematic diagram of acoustoelectric amplifier: 1 -generator
of microwave electric oscillation; 2, 5-piezoelectric signal converter; 3 -
buffer, 4-piezosemiconducting crystal (active medium); 6-microwave
signal receiver; U-power supply.

with velocity larger than the phase velocity of the sound
wave. The gain in crystal is Κ = exp(>L) where L is
the crystal length and 7 is the gain increment per unit
crystal length. Values Κ ~ 103— 106have been attained
in CdS and CdSe.

In the simplest case[ 1 2 8 1 we have

4KCT0 i-(»*/».)

where ξ is the electromechanical coupling constant or
the constant of interaction between the electrons and
the phonons. It is determined by the value of the piezo-
effect in the crystal: ξ2 = 47rrj2/pv|e0, where 77 is the
piezoelectric constant (for acoustic waves with given
polarization and along a given propagation direction),
ρ is the density of the crystal, e0 is the (lattice) die-
lectric constant of the crystal, σ0 is the conductivity,
q is the wave number of the acoustic wave, rjj is the
Debye radius, and v^/vg is the ratio of the drift
velocity to the sound velocity. It is seen that amplifica-
tion takes place only if the condition vj > vs is satis-
fied. This is a necessary condition and at the same
time very difficult to satisfy. Indeed, since v^ = μ<?,
where μ is the mobility and £ is the electric field,
this condition leads in final analysis to contradictory
requirements that the crystal have a maximum mobility
and a sufficiently large electron-phonon interaction
constant ξ. We recall that the larger ξ the stronger
the scattering of the electrons by the phonons and the
lower the mobility μ.

Acoustoelectronic signal amplifiers are usually
somewhat inferior to transistor amplifiers from the
point of view of gain, and have a more complicated
technology. The acoustoelectronic amplifier, however,
has one very important practical feature—besides
amplifying the microwave signal it introduces a large
signal time delay, since the velocity of sound is much
less than that of the electromagnetic waves. It is possi-
ble to obtain a delay time ~10—100 μ sec. Such delay
lines are very important for practical applications in
radar, computer technology, and navigation and remote-
control systems, in airborne apparatus, e tc . f l 3 1 ] .

Investigations carried out principally on CdS and
CdSe have shown that one of the main obstacles to ob-
taining high gains is the inhomogeneity of the samples.
This may be either the technological inhomogeneity of
the crystal or an inherent inhomogeneity due to the un-
even distribution of the electric field in the amplifica-
tion regime, due to the reaction of the growing acoustic
oscillations on the stationary state of the semiconductor
plasma. As a result only a small part of the sample
amplifies the acoustic oscillations effectively.

To prepare active delay lines it is necessary to have
homogeneous crystals with a linear dimension ~1 —10
cm.
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FIG. 8. Schematic diagram of
acoustoelectric microwave generator:
1—semiconductor crystal or single-
crystal film; 2—decoupling capacitor;
U = power supply.
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FIG. 9. Schematic diagram of acoustoelectric device with stationary
phonon flux (a) and its current-voltage characteristic (b). 1-Piezosemi-
conducting crystal; 2—current meter; U—power supply; U c r and Ig,—
threshold voltage and saturation current, respectively.

2) Generators of acoustic and microwave oscillations
and other devices based phonon-generation effect. If
only one electric field is applied to a piezoelectric
semiconductor crystal, then spontaneous phonon genera-
tion in the crystal sets in. When the dimensions of the
crystals are limited and commensurate with the wave-
length of the generated acoustic noise (sublimated film
or thin plate), then acoustic and microwave oscillations
with narrow generation band are produced in the semi-
conductor. Devices of this kind (Fig. 8) can be used as
small-size acoustic or microwave generators with very
narrow generation band. For example, at f = 600—700
MHz the line width is Δί ~ 10 kHz. The line is so nar-
row because this system is in essence an active acoustic
resonator[ 1 3 2 ] .

If the crystal dimensions greatly exceed the wave-
length of the generated acoustic noise, then the growing
phonon flux leads to an abrupt change in the behavior of
the crystal in an external electric field. Two cases are
possible here—the phonon flux can be stationary or
nonstationary in time.

The first case is characterized by a stationary pho-
non distribution. With increasing voltage, a static
acoustolectric domain is produced near the anode and
the ohmic section on the current-voltage characteristic
changes abruptly into a current-saturation section
(Fig. 9). This current saturation is usually called Smith
saturationr i 3 3 1. This phenomenon is used in semiconduct-
ing current stabilizers.

As to the nonstationary phonon flux, it is this flux
which causes the already mentioned moving acoustoelec-
tric domain in the crystal. The velocity of domain mo-
tion through the crystal is equal to the sound velocity.
At the instant when the domain leaves the crystal, a cur-
rent surge is produced in the electric circuit. The cur-
rent density in the sample with the domain usually sat-
isfies the relation j = envs, where e is the electron
charge and η is the free-electron density. This is con-
nected with the fact that the electrons are trapped in
potential wells inside the domain by the sound wave, and
therefore the electron drift velocity is equal to the wave
velocity.

Let now the electron concentration vary along the
crystal (along the coordinate x), say as a result of a
change in the illumination. In other words, the electron
density distribution is given by η = n(x). It is then ob-

vious that the current I in the circuit will have a time
dependence I(t) = en(x)vg, where χ = vst, i.e., the plot
of the current against the time t is a duplicate of the
plot of the density against the coordinate x. This princi-
ple can serve as a basis for shaping current pulses of
arbitrary profile and, in addition, for "reading" optical
images, i.e., conversion of optical images into electric
pulses[ 1 M 1. In this case the materials must have high
photosensitivity and homogeneity. The most suitable
materials are CdS, CdSe, and ZnO, which are the most
photosensitive.

c) Ionizing-radiation detectors. Significant changes
have occurred recently in the methods used for the
registration and spectrometry of charged particles,
owing to the use of semiconductor detectors based on
germanium and silicon.

The charged particles are registered by these detec-
tors because the conductivity of the latter is increased
upon irradiation.

Semiconductor detectors (counters) for nuclear parti-
cles are solid-state ionization chambers in which the
carriers produced by absorption of the radiation are
gathered on electrodes. Semiconductor detectors can
register any radiation capable of producing sufficient
ionization in the sensitive layer. The higher the resist-
ance of the sensitive layer, the smaller the ionization
that can be registered, so that to detect radiation one
uses high-resistance homogeneous crystals and inverse-
biased p-n junctions.

Particularly good results were obtained in the
registration and spectrometry of ionizing particles with
short mean free paths (a and β particles, ions, and
fission fragments).

Germanium detectors are used also in y spec-
trometry, owing to their relatively high energy resolu-
tion. In this case the samples are made with a large
sensitive region, ~10 cm , usually obtained by introduc-
ing lithium ion under the influence of an electric field.
A shortcoming of these detectors is that they must op-
erate and even be stored at low temperatures. The
small width of the germanium forbidden band precludes
their operation at room temperature, and the high
mobility of the lithium ions makes it necessary to store
the samples at liquid-nitrogen temperature.

Further progress was made through the use of wide-
band semiconductor materials. Detectors developed on
the basis of CdTe could operate at temperatures up to
+100°C[135].

The CdTe elements have a relatively large atomic
number16' Z, a factor of importance to the effective
registration of y radiation. It absorbs particularly ef-
fectively y quanta of medium energy, when the absorp-
tion coefficient is determined by the photoeffect
(κ ~ Ζ 5 ). The y-quantum photoabsorption per unit
volume of a CdTe detector is 4 and 50 times larger than
in germanium and silicon detectors, respectively.

Counters based on CdTe can be used also to register
thermal neutrons, particles that do not produce ioniza-
tion directly. The point that when cadmium captures
thermal neutrons y radiation is produced, and the most
intense spectral line has an energy 560 keV. It is the
registration of this radiation which makes it possible
to detect thermal neutrons. As shown by calculations[13β1

the efficiency with which thermal neutrons are
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registered with CdTe detectors reaches »0.5% at a
sensitive-layer thickness »1 mm.

It should be noted once more that the grown CdTe
crystals can be either-p-type or η-type, and it is easy
to prepare p-n junctions on their basis. This is import-
ant in some cases of detector production.

Some parameters of the CdTe counters cannot match
as yet those of Ge or Si detectors, but come quite close
to them. Thus, for example, the energy resolution has
reached 32 keV for 5.5-MeV a particles[ 1 3 7 ] and 6 and
30 meV for γ quanta of 122 and 622 keV energy, re-
spectively^381.

To register Ύ radiation in those cases when neither
high energy resolution nor high speed is needed, one
can use semiconductor detectors based on CdS and
CdSe. It is important that capture of the holes by the
traps can make the lifetime of the nonequilibrium elec-
trons much larger than their time of flight between the
electrons. As a result, internal amplification of the
signal is produced and reaches ~103—104. Conse-
quently, the current in high-resistance CdS single
crystals irradiated by a Co60 source at an intensity
1 R/hr increases to several microamperes under the
operating conditions[139].

Work on improving detectors based on II-VI semi-
conductors should be aimed at decreasing their volume.
Thus for example, measurements of the lifetime of the
nonequilibrium carriers in CdTe show that it can reach
~10~6 sec [ 1 3 8 ] ; in this case the thickness of the working
layer of the detector can be reduced to several milli-
meters.

To solve this problem one must obtain large homo-
geneous high-resistance crystals with high free-carrier
mobility and with low trapping-center concentration.

Great practical interest attaches to the development
of the commercial technology of detectors based on
CdTe.

Thus, semiconducting materials based on wide-band
II-VI compound have already found application in devices
for optoelectronic, acoustoelectronics, and ionizing-
radiation detection.

There is no doubt that advances in the technology will
make it possible not only to improve the characteristics
of the devices, but will also reveal new properties of
these materials, of interest for practical use.

It is necessary at present to organized centralized
commercial production of single-crystals and film
structures of II-VI compounds, based on modern
methods of synthesis, purification, doping, and control
of semiconducting materials. This will result in con-
siderable economy of efforts and means of the research
centers, make the results of their investigations more
comparable, and facilitate the task of developing a
technology for high-grade devices with well-reproduci-
ble characteristics.

4 Our model of this mechanism reduces approximately to the following:
The electroluminor crystals contain (p)Cu2 S—(m)ZnS microhetero-
junctions. At a certain voltage (inverse bias) the Cu2 S valence-band
electrons become capable of tunneling into the ZnS conduction band
(see Fig. 3), and of becoming effectively accelerated and ionized by
impact of the crystal lattice and the defects, causing a cascade process.
The high acceleration efficiency is due to the fact that the tunneling
time is short in comparison with the polarization time of the crystal
lattice; as a result, the electrons turn out to be free of the "heavy
polar shirt." The primary and secondary electrons leaving the barrier
are captured by the traps. Their return to the ionized luminescence
center and the radiative recombination occur during the time when
the polarity of the voltage is reversed; the release from the traps is
effected then either by tunnel ionization or impact ionization, de-
pending on the temperature. This is called pre-breakdown electro-
luminescence, since its excitation occurs as a result of electric break-
down processes that occur at a voltage insufficient for capacitor break-
down as a whole.

5*Domain electroluminescence will be discussed at the end of this section.
6)An exception is CdTe, on the basis of which p-n junctions were pro-

duced with an injection-electroluminescent efficiency 12% (77°K).
The emission maximum occurs at 865 nm [ 4 l i ] .

7>Introduction of impurities by bombardment with accelerated ions.
8)Here Η is the enthalpy and S is the entropy.
"p-n junctions in which the ρ and η regions consists of different semi-

conducting materials.
'0 )The luminescence centers in wide-band II-VI η-type semiconductors

are usually compensated acceptors.
'"For p-ZnTe, the suitable metal for the production of the inversion layer

is indium [ 7 2 ] .
12)See, e.g., [76] concerning the nature of electronic domains.
l3)Acoustoelectric domains will be discussed also in Sec. (b), devoted to

acoustoelectronic elements, of this chapter.
'""These are compensated donors in p-n type photosemiconductors.
l s )The use of II-VI compounds in electronically-pumped lasers was

discussed in detail in a corresponding section.
>

"The table lists the best of the published mobility values.
2 ) We have in mind the emergence of the dislocations to the crystal sur-

face when the latter is etched.
3)This remark pertains both to the efficiency and to the brightness of the

ele ctroluminescence.
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