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T~ 1931, the Soviet physicist Ya. I. Frenkel’'*! advanced

the hypothesis of existence in crystals of a particular
type of electronic excitations that does not involve the

appearance of free electrons and holes. Frenkel’ called

this new type of excited state of a crystal the exciton.

Owing to the identity of the unit cells of the crystal, this

excitation can be transferred by resonance from one
lattice site to another in the crystal, and thus the exci-
ton moves in the crystal. Frenkel’s ideas have been
subsequently developed broadly in theoretical studies,
both in the Soviet Union and abroad. Theoretical physi-
cists have taken up the exciton hypothesis in attempts

to explain various phenomena. However, the question of

whether the exciton concept is only a speculative,
theoretically- contrived notion, or whether such quasi-
particles actually exist in crystals, has remained open
for the following twenty years.

In 1951, direct experimental proof of the existence
of excitons in a crystal was obtained.””’ The hydrogen-
like optical spectrum of an exciton was found by direct
experiments,®! both the spectrum of its formation and
of its annihilation. These experiments showed that in
some crystals (Cu:0,'®"’ CdS,®®! CdSe,®"* ' etc.)
the frequencies of the lines of the spectrum of energy
levels of exciton states form hydrogen-like series. Thi
showed that the electric charges involved in the entity

S

(the exciton) that gives the hydrogen-like series of spec-

tral lines are bound by Coulomb forces. This implied

that an exciton can actually exist in crystals as a hydro-

gen-like quasiatom. Like positronium, it consists of an
electron and a hole bound by Coulombic attraction, and
it moves as a whole through the crystal.

Ideas concerning exciton states are currently widely
adduced in treating optical, electrical, photoelectric,
thermal, diffusional, and other phenomena in crystals,
and in a number of phenomena in chemistry and biology
Various models have been constructed that describe
exciton states in ionic, covalent, and molecular crys-
tals.

The fundamental property of an exciton is its ability

to migrate in the crystal. It is precisely because of this

important property that excitons play such a large role
in various processes that occur in crystals. A large
number of experimental studies performed by different
methods have been concerned with studying the motion
of excitons. These studies are mainly concerned with
studying energy transport by excitons in organic crys-
tals (see, e.g. the reviews!''™*!), Energy transport by
excitons in semiconductor crystals has been studied in
less detail.[**!

The fact that an exciton has a velocity has been ex-
perimentally established in experiments on magnetic-

*This article is based on a paper given by the authors at a scientific
meeting of the Division of General Physics and Astronomy of the Acad-
emy of Sciences of the USSR on May 30, 1968.
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field inversion in CdS crystals,*'®! from the spectra
of transverse and longitudinal excitons in ZnO""’ and
CdS,"® and in studying the spectrum of a quadrupole
exciton transition in Cu20."*! These experiments
studied the motion only of excitons with very small
wave vectors of the order of the wave vector of light.
However, the excitons in a crystal are distributed over
a rather broad range of wave vectors and Kinetic ener-
gies. The extent of this range is determined by the
temperature of the crystal. Hence, one can get a fuller
picture of the motion of excitons in a band by studying
the kinetic- energy distribution of the excitons.

We shall relate here the manifestation of the kinetic
energy of excitons in the emission spectra of certain
crystals. We shall treat crystals for which the effec-
tive-mass approximation is valid, and in which each
exciton state is characterized by a definite wave vector
and kinetic energy. This situation is characteristic of
covalent and weakly ionic crystals. In str”o‘ngly ionic
and in molecular crystals, the motion of an exciton is as
a rule not characterized by a wave vector, but occurs by
“jumps’’ between different sites in the crystals.

Excitons arise in crystals in different ways. They
can be excited directly by light or by particle impact,
they can be formed by combination of free electrons and
holes, and they can be created by other excitations in
the crystal. Exciton states also disappear in the most
varied ways. Excitons can dissociate into free electrons
and holes that give rise to conduction in the crystal,
they can transfer their energy to defects and impurities,
and they can give rise to various elementary excited
states in the crystal structure. Finally, radiative anni-
hilation of excitons can occur when the energy of the
exciton state is emitted in the form of light. Optical
processes of creation and disappearance of excitons
can be studied directly from spectra of exciton absorp-
tion and emission of crystals.

Let us consider a diagram illustrating the origin of
the optical spectra of an exciton. Figure la shows
schematically the energy spectrum of a crystal. The
cross- hatched regions correspond to bands of allowed
electron energies. Light can cause transitions of elec-
trons between bands, and this process corresponds to
the continuous intrinsic absorption spectrum. The
horizontal lines in the band of forbidden energy states
of an electron show the exciton levels. The arrows de-
note the processes of creation of excitons in different
quantum states. It is precisely these transitions, which
lie near the long-wavelength boundary of the continuous
absorption, that are usually observed experimentally.
In addition, transitions can occur between the exciton
levels under the action of light. These transitions are
shown in Fig. la by the left-hand set of arrows from
n = 1. However, the crystal must already contain enough
excitons in order for these transitions to be observed.
Besides, there are also a number of experimental diffi-




ANNIHILATION OF

Conduction band

VW 7 L %

3
n=2
n=t
FIG. 1. Comparison of the

n={  optical transitions for an exciton
(a) and a hydrogen atom (b).

Z 7
Valence band

a) b)

. <2 4 5578

FIG. 2. Hydrogen-like absorption spectfa of excitons in CdSe and
Cu, O crystals at 4.2°K.

culties that interfere with observing optical transitions
between exciton levels. Therefore, such transitions
have not yet been observed experimentally.

As we have noted, in a number of crystals, the ab-
sorption spectra that correspond to exciton-creation
processes are groups of narrow lines arranged in a
hydrogen-like series. An example of this is the absorp-
tion spectra of Cu.O and CdSe crystals shown in Fig. 2.
The experimental observation of hydrogen-like exciton
absorption spectra confirms the analogy between the
exciton and the hydrogen atom.

However, we should note a fundamental difference
between the optical spectra of atoms and excitons. With
atoms, we are concerned with transitions within a pre-
existing system. However, with excitons we observe
optical processes of creation and annihilation of the sys-
tem per se (the exciton). Figure 1b shows schematically
the optical transitions between the energy levels in a
hydrogen atom. As we see by comparing Figs. 1a and b,
the analog of optical transitions in the atom is transi-
tions between exciton levels. As we noted above, the
latter have not been observed experimentally. The ob-
servable exciton absorption and emission spectra have
no analogs in the optical spectra of atoms. Hence, it is
more correct to compare an exciton with another hydro-
gen-like system, rather than a hydrogen atom: a posi-
tronium atom, which can also be created by electromag-
netic radiation. Radiative annihilation of excitons, which
gives rise to exciton luminescence, has much in com-
mon with radiative annihilation of positronium atoms.

A radiative annihilation process has characteristic
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features that distinguish it from other radiative proces-
ses, e.g., luminescence of atoms in a gas. In particular,
the motion of the radiating system is manifested in dif-
ferent ways in these two processes.

When an atom undergoes a radiative transition, the
energy of the emitted light quantum is determined by
the energy difference E, of the excited and ground
levels of the atom. Moreover, because of the thermal
motion of the atom, the frequency of the emitted light
will be subject to a Doppler shift proportional to the
velocity of the atom. The existence of a velocity distri-
bution of the atoms in the gas has the result that a line
is observed in the luminescence spectrum whose center
corresponds to the excitation energy E, of the atom,
while the width is due to the Doppler effect. The width
varies with the gas temperature, owing to the variation
in the mean thermal velocity of motion of the atoms.
The line has a symmetrical shape that is well described
by a Gaussian distribution. Study of the shapes of such
lines has served as one of the confirmations of the cor-
rectness of the kinetic theory of gases. Thus, the lum-
inescence spectra of free atoms directly manifest the
velocity of motion of the atoms. If we know the tempera-
ture (and hence the mean kinetic energy of the particles)
of the emitting system, then we can determine the mass
of the emitting particles from the velocity distribution.

In a process of radiative annihilation, the emitting
system vanishes, and its energy (internal and kinetic)
is totally transformed into radiation energy. Hence,
annihilation spectra manifest the kinetic energy of the
particles, rather than the velocity. We can directly de-
termine the temperature of the emitting system from
the kinetic- energy distribution of the particles. How-
ever, this distribution gives us no possibility of deter-
mining the mass and velocity of the particles separately,
since the kinetic energy is the product of the mass and
the square of the velocity of the particles. In order to
measure these quantities separately, one must set up
an additional experiment that permits one independently
to determine one of these quantities, e.g., the velocity
of motion of the particle. In the annihilation of positron-
ium atoms, such an experiment could be a direct meas-
urement of the momentum in an angular-coincidence
system. For an exciton, its velocity could be determined
from the spectrum of transitions between exciton levels.
Indeed, these transitions are fully analogous to optical
transitions in atoms, and the line shapes of these transi-
tions should manifest a Doppler broadening that would
permit one to determine the velocity.

Let us examine in more detail the process of radia-
tive annihilation of excitons. If the crystal satisfies the
effective- mass approximation, and the extrema of the
energy band lie in the center of the Brillouin zone (the
point k = 0), then the relation of the exciton energy to the
value of its wave vector will have the form

Fex = Ly E = g - (h2k2/20M), (1)

where k is the wave vector of the exciton, and M is the
total mass of the exciton, which is equal to the sum of
masses of the electron and the hole.

In this formula, the first term E, corresponds to the
internal energy of the exciton state, while the second
term E is the kinetic energy of the exciton. If the exci-
ton gas is in thermal equilibrium with the crystal struc-
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ture, then the relative number of particles of kinetic
energy E at the temperature T will be given by the
Maxwell formula:

dN/N~E"* exp ( — E/kT) dE. (2)

In the process of radiative annihilation, an exciton
vanishes and a light quantum is emitted. In addition, this
process can be accompanied by simultaneous emission
or absorption of phonons. The fundamental laws govern-
ing various annihilation processes are defined by the
laws of conservation of energy and quasimomentum.

In phononless annihilation, the energy and momentum
of the exciton are fully imparted to the photon (Fig. 3).
The energy of exciton states in crystals usually amounts
to several electron volts. The momentum of photons of
this energy is very small in comparison with the mean
momentum of thermal motion of excitons, even at very
low temperatures.* Hence, only excitons of very low
momenta can participate in radiative phononless anni-
hilation. The kinetic energy E of such excitons is negli-
gibly small, and the energy of the emitted quanta will be
almost exactly equal to the internal energy E, of the ex-
citon state.

The reverse process of creation of excitons by light
obeys the same conservation laws, and only light quanta
can be absorbed that have energies almost exactly coin-
ciding with the internal energy E, of the exciton states,
Thus, the selection rules for momentum result in ap-
pearance in the spectrum of direct excitonic absorption
of narrow lines whose energies correspond to the bottom
of the exciton bands.

It is interesting to note that Doppler broadening must
be totally absent in the spectra of phononless transitions
involving formation or disappearance of excitons. The
law of conservation of momentum in phononless optical
transitions unambiguously fixes the wave vector of the
excitons being annihilated, both in magnitude and in
direction. The size of the wave vector of the exciton is
determined by the energy of the photon, which satisfies
the law of conservation of energy. The direction is de-
termined by the direction of observation, since the di-
rections of motion of the exciton being annihilated and
the emitted photon coincide. Hence, all excitons that
participate in phononless annihilation have the same
velocity. As we have noted above, a Doppler effect
should be manifested only in optical transitions between
exciton levels.

*In fact, the wave vectors of photons in the visible are of the order of
10% em™!, whereas the mean wave vector of thermal motion of excitons
is of the order of 106107 cm™.
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FIG. 4. Exciton luminescence spectrum of CdS crystals (T = 60°K).

The width of the phononless lines in exciton spectra
of pure crystals is determined by the non- steady- state
character of the exciton states, which is due to scatter-
ing of excitons by phonons. This broadening is analog-
ous to the broadening of atomic lines in the spectra of
gases by collisions. With rising temperature, the proba-
bility of scattering of excitons by phonons increases,
and the phononless lines in exciton spectra broaden.'*’!
Recent experimental and theoretical studies have shown
that the most probable event in crystals having an ap-
preciable ionic character is scattering of excitons by
longitudinal optical phonons.'™? As a rule, the energy
of such phonons amounts to several hundred reciprocal
centimeters, and the number of them in the crystal at
low temperatures is small. Hence, at temperatures up
to ~ 80°K, the phononless lines in the free-exciton spec-
trum of most crystals are insignificantly broadened. In
cuprous oxide crystals, according to measurement of
the absorption spectrum of the line n = 2 of the yellow
series, this broadening amounts to 8 cm™.'*?! In the
CdS crystal, the broadening of the n = 1 lines of the A
and B series, which we have measured from the reflec-
tion spectrum, is also small, being about 10 cm™ (over
the temperature range from 4.2 to 77°K).

Whenever the minimum of the exciton band is not at
the point k = 0, the process of phononless annihilation of
excitons is generally impossible, and also the reverse
process of direct absorption.'*®’ In this case, the optical
exciton spectrum will lack narrow absorption lines and
phononless annihilation lines in resonance with them.

Let us turn to the results of experimental studies of
exciton luminescence spectra of certain crystals at low
temperatures., Figure 4 shows the exciton luminescence
spectrum of CdS crystals at 60°K.* One distinctly ob-
serves in the spectrum an emission line due to phonon-
less annihilation of excitons in the n = 1 state of the
series I'y — I';. The position of this line in the spectrum
almost coincides with the position of the corresponding
exciton absorption line.

In addition to the phononless line, the exciton lumin-
escence spectrum of CdS crystals (see Fig. 4) also ex-
hibits lines shifted toward lower energies with respect
to the resonance value E; by the amount of one or two
longitudinal optical phonons (h Wopt = 305 cm™). These
lines are due to radiative annihilation of excitons with

*At lower temperatures (T < 30°K), the luminescence spectra of
CdS crystals contain in this region a large number of narrow, intense
emission lines arising from crystal-lattice defects (the so-called “bound
excitons”). These lines vanish from the spectrum as the temperature is
raised above 40°K.
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simultaneous emission of optical phonons, and they have
a characteristic asymmetric shape resembling that of a
Maxwell distribution. The width of these lines varies
strongly with the temperature, and is of the order of kT.
Conversely, the phononless free- exciton line and the
emission line of immobile ‘‘bound excitons’’ hardly
vary in width with varying temperature. We can natur-
ally conclude that the shape of the exciton-phonon anni-
hilation lines reflects the kinetic- energy distribution of
the excitons, as is manifested in the radiative-annihila-
tion spectrum as the excitons interact with phonons.

The exciton-luminescence spectra of other crystals
also exhibit similar asymmetric emission lines that are
shifted by the amount of energy of optical phonons with
respect to the phononless exciton-annihilation line.
Figure 5 shows the emission spectrum of a CdSe crystal
at 50°K. As we see by comparing Figs. 5 and 4, the ex-
citon luminescence spectra of CdSe and CdS crystals
are analogous. The temperature-dependence of these
spectra is also the same. The energy of a longitudinal
optical phonon (hwopt) as manifested in the exciton
luminescence of CdSe amounts to 210 ¢m™.

The luminescence spectrum of Cu:Q crystals at 77°K
(Fig. 6a) shows'"! a weak, narrow phononless-annihila-
tion exciton line of the yellow series that coincides in
resonance with the absorption line n = 1. Moreover, the
spectrum contains two lines of characteristic shape on
the long-wavelength side of the resonance line. They are
due to radiative annihilation of excitons with simultane-
ous excitation of phonons in the crystal. These lines are
shifted with respect to the resonance line by the amount
of the optical-phonon energies hw; = 145 em™ and hw,
=105 cm™. A line occurs in the short-wavelength reg-
ion of the spectrum that results from annihilation of
excitons with simultaneous disappearance of phonons
from the crystal. The probability of such a process at

vl
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77°K is rather large, since the phonon energy hw:
=105 cm™ is comparable with the mean energy of
thermal vibrations of the crystal at this temperature,

In silicon crystals, the minimum of the lowest exciton
band occurs at a point k = 0, and the process of phonon-
less radiative annihilation of excitons is forbidden by
the law of conservation of momentum. In fact, the emis-
sion spectrum of silicon does not manifest a phononless
exciton annihilation line. However, one observes a proc-
ess of radiative annihilation of excitons with simultane-
ous excitation of a transverse optical phonon hwopt
= 465 cm™ (with a peak at 1.10 eV)"™’ (see Fig. 6b).
More attentive study of the exciton luminescence spec-
trum of silicon crystals’®®’ makes it possible to observe
also lines due to interaction with other phonons.

Emission due to annihilation of excitons with simul-
taneous excitation of phonons in the crystal has recently
been observed also in many other crystals (SiC, Ge,
ZnO, diamond). %28

As we can see from the cited examples, the phenom-
enon of radiative annihilation of excitons with simultane-
ous excitation of phonons in the crystal is general among
crystals. In this process, the Kinetic energy of the ex-
citons is directly manifested, and study of such proces-
Ses can give direct information on the motion of excitons
in crystals.

Let us examine the process of radiative annihilation
of an exciton with simultaneous excitation of an optical
phonon. It is precisely these phonons that are manifes-
ted in the exciton luminescence spectra of most crys-
tals. When an exciton is annihilated with simultaneous
excitation of one or several phonons, the momentum of
thermal movement of the exciton can be transferred to
the phonons. Excitons of any kinetic energy can partici-
pate in these annihilation processes, in distinction from
the phononless process (Fig. 7). Figure 8 illustrates the
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laws of conservation of momentum and energy for a one-
phonon and a two-phonon process.

The law of conservation of energy (see Fig. 8) im-
plies that the process of annihilation of an exciton with
excitation of one phonon corresponds in the emission
spectrum to a line shifted to longer wavelengths with
respect to the phononless line by the amount of energy
of the optical phonon. Since the energy of optical pho-
nons hardly depends on the value of the momentum, we
can expect that the shape of the line for one-phonon
annihilation of excitons will reflect the Maxwellian
kinetic energy distribution of the excitons.

The process of annihilation of an exciton with excita-
tion of two optical phonons (see Fig. 8) fundamentally
obeys the same rules as the process of one-phonon anni-
hilation. Just as with one-phonon annihilation, the emis-
sion spectrum manifests the kinetic energy distribution
of the excitons, and the line for two-phonon annihilation
of excitons is shifted to longer wavelengths by the
amount of energy of two optical phonons with respect to
the phononless line.

However, there is a substantial difference in the
formulation of the law of conservation of momentum for
the one-phonon and two-phonon processes. In the two-
phonon annihilation of an exciton of momentum k,
phonons of momenta ki)h and ki;h are excited, and they

satisfy the equality kg = kbh + k;;h' Here the law of con-

servation of momentum can be satisfied in many ways,
and the momenta Ky, and kp, can take on different
values. In one-phonon annihilation, however, the momen-
tum of the created phonon can have only one value kph

=~ kg (see Fig. 8).

As will be shown below, this fact leads to a substan-
tial difference in the shapes of spectra of one-phonon
and two-phonon annihilation, Moreover, the large num-
ber of possible combinations of phonons in the two-
phonon process substantially increases its probability.
In spite of the fact that this process is of higher order
than the one-phonon process, the intensity of the two-
phonon emission lines of CdS and CdSe crystals is com-
parable with that of the one-phonon lines, as we see from
Figs. 4 and 5.
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In conjunction with V., A. Abramov and A. I. Ekimov,
the present authors have conducted a detailed study of
the shapes of emission lines that result from one-phonon
and two-phonon annihilation of n = 1 excitons of the
series I's — I'y in CdS and CdSe crystals at temperatures
from 4° to 77°K. As the studies showed, the line shapes
and the temperature-dependence of the exciton lumines-
cence spectra are perfectly identical for these two crys-
tals. We can assume that the exciton-phonon annihila-
tion spectra will obey the same rules in other crystals
of the AjjByy group as well.

The emission lines due to exciton-phonon annihilation
in the spectra of CdS and CdSe crystals have a charac-
teristic shape that resembles the shape of the Maxwell-
ian kinetic- energy distribution (see Figs. 4 and 5).
Comparison of the contour of the spectral lines arising
from two-phonon annihilation of excitons in these crys-
tals with the Maxwellian distribution curves at the same
temperatures (Fig. 9) shows that the kinetic- energy dis-
tribution is well described by the Maxwell formula. The
shape of the two-phonon annihilation lines in CdS and
CdSe crystals approximates the Maxwellian shape
throughout the studied temperature range. As we see
from Fig. 10, the half-width of the two-phonon line var-
ies with the temperature in approximately the same way
as the half-width of the Maxwellian distribution dN/N
~ E2 exp (- E/KT)dE, which increases with the tem-
perature as 1.9 kT.

The half-width of the one-phonon annihilation line
increases more rapidly with the temperature than that
of the Maxwellian distribution. Figure 11 shows the
temperature-dependence of the half- width of the one-
phonon line in the CdS crystal. The temperature
increase in the half- width of the line that is observed
experimentally fits a growth in the half-width of the
curve as E*” exp (—E /kT), which increases as 2.9 kT.
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The half- width of the one-~phonon line in CdSe crystals
has the same temperature-dependence. Comparison of
the line contours for one-phonon annihilation in CdS and
CdSe crystals with curves of E*’% exp (- E/kT) drawn for
the same temperatures shows that this formula des-
cribes well the shape of the observed line. Figure 12
shows such a comparison for the spectrum of CdSe
crystals at 44°K.

The width of exciton-phonon annihilation lines should
be determined not only by the kinetic- energy distribu-
tion of the excitons, but also must include an additional
broadening due to scattering by excitons by phonons.
However, as we have mentioned, study of the width of
phononless lines shows that this broadening at tempera-
tures below 80°K is considerably less than the width of
the kinetic- energy distribution. Within the limits of ac-
curacy of our measurements, we could not detect this
additional broadening.

The experimentally- established shape of a one-
phonon annihilation line E%2 exp (—E /kT) differs from
the shape E'?exp (—-E /kT) of the Maxwellian distribu-
tion by the factor E. This additional factor results from
the dependence of the probability of exciting an optical
phonon by an exciton on the magnitude of the momentum
of the exciton. In a one-phonon annihilation process, an
exciton of momentum kg produces a phonon of approxi-
mately equal momentum k.. As our experimental re-
sults imply, the probability of this process is propor-
tional to E or to kZ.

A theoretical study of the probability of interaction
of excitons with optical phonons has been performed by
Ansel’m and Firsov.'®®’ According to the results of
this study, the probability of exciton-phonon interaction
is approximately proportional to k* for small momen-
tum values. The excitons in thermal equilibrium with
the crystal at low temperatures have precisely these
momentum values. Thus, the relation of the probability
of exciton-phonon interaction to the magnitude of the
momentum that we have determined experimentally
agrees with the theoretical results of Ansel’m and
Firsov.

For a two-phonon process, as analysis of the spec-
trum implies, the probability of interaction between an
exciton and a phonon does not depend on the size of the
wave vector of the exciton. This is explained by the
fact that each exciton in a two-phonon annihilation can
give rise to different phonon pairs, and the selections of
these phonon pairs are about the same for different
thermal excitons. Consequently, the probability of a
two-phonon process will be about the same for different
excitons, and the spectrum should manifest only the
kinetic- energy distribution of the excitons. Indeed, ex-
periment shows that two-phonon exciton lines have a

Maxwellian shape. The simple qualitative considera-
tions given here are confirmed by recent theoretical
studies describing the shapes of exciton-phonon emis-
sion lines. %31

The differing formulation of the law of conservation
of momentum for processes of one- and two-phonon
annihilation not only results in differing shapes of the
corresponding emission lines, but it also gives rise to a
change in the relative intensities of these lines with
temperature. As we have noted above, the probability
of one-phonon annihilation of an exciton is proportional
to the square of its momentum. The mean thermal mo-
mentum of the excitons increases with increasing tem-
perature of the crystal. Consequently, the overall
probability of one-phonon annihilation increases, as
does the intensity of the one-phonon emission line. As
study of the shape of the two-phonon line shows the
probability of two-phonon annijhilation does not depend
on the exciton momentum in the first approximation. If
we know the expression describing the contours of the
one- and two-phonon emission lines, we can calculate
the ratio of their integral intensities as a function of
the temperature:
EY* exp(—E/4T) dE

S Ty=1 l§ T
= T ~o\?“ ~ 4 3

EY?% exp (— E/kT) dE
0

where I;_ 1 and I;_ 9 are the integral intensities of the

one- and two-phonon annihilation lines.

Equation (3) implies that the relative intensity S of
the lines must vary linearly with the temperature.
Indeed, such a linear increase with temperature of the
relative intensity of the exciton-phonon annihilation
lines is observed in CdS and CdSe crystals. Figure 13
shows the experimental temperature-dependence of the
ratio of intensities of the one- and two-phonon annihila-
tion lines in the CdS crystal.

Thus, all the differences that are observed between
the spectra of one-phonon and two-phonon annihilation
of excitons arise from the different way in which the
law of conservation of momentum is formulated for the
two processes. The marked manifestation of these dif-
ferences in the emission spectra is evidence that the
observed phenomenon is a process of annihilation
specifically of free excitons, without transfer of mo-
mentum to an impurity or defect.

Detailed study of exciton luminescence spectra
shows that emission from excitons is a typical process
of annihilation of free particles. As we have noted,
radiative annihilation of positronium atoms is an anal-
ogous process. The difference between these two proc-
esses consists in the amount of energy liberated upon
annihilation.

The internal energy of exciton states in crystals
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temperature-dependence of the 4
ratio S of the intensity of the
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FIG. 14. Conservation of energy and momentum in the annihilation
of excitons (a) and of positronium atoms (b).

usually amounts to several electron volts. If the energy
of the exciton is completely transformed into the energy
of a light quantum, then the wave vector of such a quan-
tum will be of the order of magnitude of 10° cm™. The
most probable thermal momenta of excitons, even at

low temperatures, as expressed in the same units,
amount to 10°~10" cm™, and they cannot be borne away
by a photon. Hence, only a small fraction of the exci-
tons participate in phononless annihilation, namely those
having very small momenta. Conversely, excitons of
any kinetic energy can participate in the process of
radiative annihilation with simultaneous excitation of
phonons that bear away the thermal momentum (Fig. 14).

In the case of a positronium atom, the total internal
energy of the electron-positron system amounts to
10° eV. The wave vector of a light quantum of such an
energy is of the order of 10'° cm™, and its momentum
considerably exceeds the thermal momenta of the posi-
tronium atoms. Hence, one-photon annihilation of free
positronium atoms is impossible. In two-photon anni-
hilation, the momenta of the two light quanta compensate
one another, and their sum becomes equal to the thermal
momentum of the positronium. Hence, radiative anni-
hilation of free positronium atoms always occurs by
emission of two or more phonons.

Thus, in order to permit free particles of any kinetic
energy to participate in the annihilation process, emis-
sion of no less than two particles is necessary. In anni-
hilation of excitons, these particles are a photon and a
phonon (or two phonons). In annihilation of positronium
atoms, two or three photons are emitted.

The law of conservation of momentum is the funda-
mental selection rule determining the nature of an
annihilation process. Hence, a change in the form of
this conservation law can cause a substantial change in
the annihilation spectrum. For example, one-photon
annihilation of a positronium atom can occur upon colli-
sion with a heavy nucleus. Here the momentum of re-
coil of the emitted photon is transferred to the nucleus.
However, this process can no longer be considered to be
a process of annihilation of free particles.

An analogous phenomenon has been observed in the
exciton luminescence spectrum of silicon crystals. !
As we know, the absolute minimum of the conduction
band in Si crystals is displaced from the point k = 0 in
the [1, 0, 0] direction, and optical transitions to exciton
states without participation of phonons are forbidden.
However, a line has been observed in the exciton lumin-
escence spectra that arises by annihilation of excitons
without creation or disappearance of phonons in the
crystal. Here the emission spectrum manifested exci-
tons having all kinetic energies, and the emission line
had a characteristic Maxwellian shape. It was estab-
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lished that the intensg'y of this line in different speci-
mens was proportional to the concentration of the iso-
electronic impurity of carbon atoms: The reason for
appearance of this line is the breakdown of the law of
conservation of momentum in the crystal structure at
sites where its periodicity is violated by the foreign,
but isoelectronic atoms of carbon. Thus, the excitons
cannot be considered to be free particles in this process
as well,

The manifestation of the kinetic energy of excitons
in an exciton-phonon annihilation spectrum is the most
direct proof of the motion of excitons in crystals. In the
described cases, the shape of the observed annihilation
lines indicates that the excitons can be considered to be
a gas of free quasiparticles in thermal equilibrium with
the crystal structure. This means that the exciton band
is parabolic within the studied interval of kinetic ener-
gies, while the kinetic-energy distribution of the exci-
tons obeys well the Maxwell- Boltzmann statistics.
Although excitons are particles of integer spin, and they
must obey the Bose statistics, we could not detect devia-
tions from the Boltzmann statistics under the conditions
of our experiments, in which the concentrations of ex-
citons were small, but the temperatures relatively high.
Study of the shapes of lines arising from radiative anni-
hilation of excitons with simultaneous emission of pho-
nons makes it possible to study the structure of exciton
bands and the statistical kinetic- energy distribution of
excitons in the band. In addition, these lines make it
possible to study processes of exciton-phonon interac-
tion.

In conclusion, we shall take up briefly one of the
interesting aspects of the process of exciton-phonon
radiative annihilation, the possibility of using this proc-
ess as an active mechanism for obtaining stimulated
emission. The problem of laser action from exciton
transitions in crystals for which the intrinsic absorp-
tion edge arises from indirect transitions was first
taken up by Basov and his associates.!**

Let us consider phononless exciton and exciton-
phonon radiative transitions from the standpoint of
stimulated emission. When a crystal is excited, elec-
tron-hole pairs are created, and these subsequently are
partly bound into excitons, and can become annihilated
with emission. The strongest emission must be expec-
ted for excitons in the n = 1 state, since the greatest
number of excitons will occur specifically on this level
in the process of establishment of thermal equilibrium.

Phononless annihilation of an exciton corresponds in
the energy diagram of the crystal to a transition from an
exciton level to the ground state of the crystal.* Since
excitons are excited by way of the valence band and the
conduction band in the discussed process, phononless
excitation and emission of excitons occur in a three-
level system. However, simultaneously with the radia-
tive transitions in the crystal, reverse transitions occur
from the ground state to the exciton level, accompanied
by absorption of the emitted light. This absorption is
very intense, and thus it interferes with laser action. In
order to make the emission process predominate over
absorption, one must attain an inverted population of the

*Such transitions occur efficiently in crystals having allowed vertical
transitions
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FIG. 15. Energy diagram for appearance of
B exciton-phonon stimulated emission.

ground state and the exciton level of the crystal. In
order to do this, one must excite more than half of the
maximum possible number of excitons in the crystal

(a concentration of the order of 10°> cm™). Such large
concentrations of free excitons are hardly attainable,
and laser action at the phononless lines of free excitons
is not observed experimentally.

Conversely, the process of exciton-phonon radiative
annihilation proves to be extremely favorable for ob-
taining laser action. This process corresponds to tran-
sition from an exciton level to a vibrational sublevel
hw of the ground state of the crystal. When the excitons
interact with the optical vibrations of the crystal, this
sublevel occurs at an energy hwopt above the valence
band (Fig. 15). The overall process of excitation and
emission occurs in a four-level system. For most
crystals, hwopt > kT up as far as room temperature.
Consequently, the vibrational sublevel hwopt is prac-
tically unoccupied at low temperatures. Thus there is
always an automatic population inversion of the upper
and lower levels for the discussed exciton-phonon tran-
sition. The absorption process that is the reverse of the
radiative process is highly improbable. This creates
favorable conditions for amplification and generation of
light. Stimulated emission can involve more than one
phonon.

Laser action by exciton-phonon transitions is actually
observed experimentally. Figure 16 shows as an exam-
ple the stimulated- emission spectrum of a CdSe crystal
excited by an electron beam of density 15 A/cm®. The
temperature of the crystal is 10°K (the spectrum is
taken from a study by Kurbatov, Mashchenko, Mochalkin,
Britov, and the present authors'®*!), Detailed correla-
tion of spectra of the crystal as the excitation level was
gradually raised and comparison with photoluminescence
made it possible to establish that the emission band
shown in the figure consists in free- exciton stimulated
emission (n = 1, I'y — I; series) with simultaneous exci-
tation of one longitudinal optical phonon. This emission
shows all the features of stimulated emission: direc-
tionality, threshold, and mode structure (this is dis-
tinctly visible in the figure). It is interesting to note
that in this case the contour of the phonon-replica ex-
citon band in stimulated emission is very similar to the
phonon-replica exciton contour in spontaneous emission
(see Fig. 16). Laser action can also be observed in the
second phonon replica. *%*!

The exciton-phonon mechanism of stimulated emis-
sion is apparently general for most semiconductors.
The exciton-phonon nature of the coherent emission has
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Spontaneous exciton emission
CdSe, 10°K 3\
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FIG. 16. Coherent free-exciton emission with simultaneous excita-
tion of a longitudinal optical phonon in CdSe crystals (T = 10°K).

been established in crystals of CdS,'3" CdSe, 33"
Zn0,""? and in the mixed crystals CdS—CdSe'®®! and
ZnS—Cds. 1

Since exciton-phonon processes are a property of the
fundamental structure of the crystal, laser action by
exciton-phonon transitions has a number of advantages
over laser action by an impurity mechanism. In semi-
conductor crystals having reasonable concentrations of
impurities and defects, such that radiative transitions
are still observed, the intensity of emission from im-
purities (including emission from bound excitons) under-
goes saturation at high excitation densities. On the
other hand, no such saturation is observed for free ex-
citons. This shows that at high excitation densities, the
process of emission via free excitons is more efficient
than that via an impurity. Indeed, the concentration of
free excitons can attain very high values. Since the in-
trinsic emission of the crystal plays the dominant role
in the stimulated emission when a crystal is intensively
excited, there is no need to control rigidly the types and
concentrations of impurities. It suffices merely that the
fraction of radiationless transitions should not be too
large. Thus, special introduction of impurities is not
required in order to obtain suitable crystals.

An important merit of the exciton mechanism of
emission is also its temperature stability. Both spon-
taneous and stimulated emission from excitons are ob-
served over a broad temperature range, from liquid-
helium to room temperature,'®**1 Apparently, the
reason for this temperature stability of an exciton in-
volves its ability to migrate through the crystal. While
thermal vibrations cause an impurity to ionize, an in-
crease in thermal energy for an exciton, can only in~
crease its kinetic energy.
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