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Experimental and theoretical investigations were made of a new process representing modulation
of the quantum efficiency of the luminescence of excitons localized at neutral donors by a flux of
nonequilibrium phonons. The temperature dependence of the internal quantum efficiency of the
same lines in the exciton luminescence spectrum of CdS crystals was determined for an
equilibrium phonon system. The reduction in the quantum efficiency under these conditions was

attributed to a transition of exciton-impurity complexes to an excited state. It was found that in
the case of excited states of the complexes characterized by zero total angular momentum an
effective Auger recombination channel competed successfully with a channel representing
optical decay of bound excitons. A comparison of the theoretical calculations of the quantum
efficiency with the experimental results demonstrated the important role of the Auger process
induced by acoustic phonons in the recombination effects occurring at low temperatures.
Experiments revealed a new type of local excitations associated with oscillations of a holein an
adiabatic potential created by the core of a donor and by two electrons.

INTRODUCTION

Investigations of the exciton luminescence of direct-gap
semiconductor crystals have established the important role
played by excitons localized at impurities and defects: ““gi-
ant” oscillator strengths make these excitons the main chan-
nel of radiative recombination of nonequilibrium carriers.'
However, it is surprising why such exciton complexes do not
manifest Auger nonradiative recombination. In fact, if three
particles are separated by distances of the order of the Bohr
exciton radiusa ~ 10~ 7=107°% cm, the conditions then corre-
spond to an effective density of free carriers amounting to n
~10'¥-10%' cm~>. In the case of interband transitions, Au-
ger recombination would be highly effective at such carrier
densities. We therefore investigated both experimentally
and theoretically the role of the Auger nonradiative channel
in the formation of the spectra of the exciton-impurity lumi-
nescence.

In the case of the ground state of a bound exciton the
Auger recombination is suppressed by the selection rules as-
sociated with the laws of conservation of the angular mo-
mentum or its projection along a specific axis. The total an-
gular momentum of an exciton-impurity complex (EIC) is
not affected by its decay. Since an electron in an EIC has zero
orbital momentum and a hole band is formed from p-type
wave functions, it follows that in the case of nonradiative
decay the total angular momentum of an EIC should be
transferred to a fast electron generated as a result of the Au-
ger decay. We shall show later that in the case of an EIC in
the ground state such a transfer of the angular momentum to
a fast electron reduces considerably the probability of the
Auger process and makes it noncompetitive compared with
the radiative recombination. This forbiddeness is lifted for
specific excited states of an EIC corresponding to local vi-
brations of the center of mass of an exciton bound to a defect.
The total momentum of an EIC then vanishes, so that the
process of decay occurs without transfer of momentum to a
fast electron. We shall show that the probability of the Auger
decay of such an excited state of an EIC is several orders of

613 Sov. Phys. JETP 67 (3), March 1988

0038-5646/88/030613-08$04.00

magnitude higher than the probability of the Auger decay
from the ground state. Therefore, the Auger process should
be manifested in the transfer of an EIC to an excited state.

We shall report an investigation of the quantum effi-
ciency of the luminescence of EICs in CdS crystals under the
conditions such that these complexes were excited by a flux
of nonequilibrium acoustic phonons or by an increase in
temperature from 1.3 to 50 K. It was established that the
excitation of EICs activates the nonradiative recombination
channel characterized by a small activation energy £, = 2.5
meV. We attributed this channel to Auger recombination
and described all the experimental results by a simple theo-
retical model. We determined the characteristic Auger time
for an exciton bound to a neutral donor in CdS and excited to
the first vibrational state, corresponding to the motion in the
plane perpendicular to the ¢ axis. The activation energy E,
was found to be equal to the energy of this excitation.

The results of our experimental investigation are given
in Sec. 1; Sec. 2 provides an analysis of a phenomenological
model used to describe the kinetics of the EIC luminescence
in the presence of an effective nonradiative channel, whereas
Sec. 3isdevoted to a theoretical analysis of the Auger recom-
bination of EICs in the ground and excited states. The main
results are discussed in the Conclusions.

1.EXPERIMENTAL RESULTS

The kinetics of recombination of bound excitons in ca-
dium sulfide crystals was investigated. A study was made of
the luminescence due to excitons localized at donor impuri-
ties.! The spectroscopic binding energy of an exciton for
centers of this type was €, = 7.8 meV. A change in the bind-
ing energy with the chemical nature of the center did not
exceed 0.25-0.5 meV. We investigated CdS samples with do-
nor concentrations of 10'°~10'® cm ~?, some of which were
weakly compensated (in this case the line due to excitons
bound to acceptor impurities was absent from the lumines-
cence spectra) and the others were fairly strongly compen-
sated (in this case the ratio of the intensities of the lumines-
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cence of excitons bound to donors and acceptors was <1/2).
Crystals were grown from the vapor phase and were platelets
20 um thick with the hexagonal c crystal axis in the plane of
the plate. The experiments involving nonequilibrium phon-
ons were carried out at 7= 1.3 K. Nonequilibrium acoustic
phonons were injected into a crystal from a thermal gener-
ator in the form of a metal film evaporated on the surface of a
sample opposite the illuminated surface. The luminescence
of our samples was recorded in the reflection geometry. The
metal film was excited by nitrogen laser pulses of ~107%s
duration. The intensity of the nonequilibrium acoustic
phonon flux arriving in the excitation region and the spec-
trum of these phonons were determined using a phonon
spectrometer.? The spectrum of nonequilibrium phonons
from a thermal generator exhibited a characteristic feature:
achange in the degree of laser heating (characterized by the
radiation intensity /,) of the metal film had practically no
effect on the spectrum of the phonons injected into the semi-
conductor sample and altered only the occupation numbers
of the phonon states. The total energy of the system of phon-
ons injected into the semiconductor was proportional to the
intensity /, of the nitrogen laser radiation. The luminescence
was recorded using a photon counting system and the spec-
tra were stored in the memory of a computer and then sub-
jected to an automated analysis.

In addition to a study of the influence of nonequilibrium
phonons on the formation of exciton spectra, we also studied
the temperature dependences (in the range T'= 1.3-50 K)
of the intensity of the luminescence due to excitons localized
at shallow donors. At temperatures in this interval we were
unable to separate the luminescence of the bound excitons
from the background of the long-wavelength wing of the
luminescence line of the free excitons.

Figure 1 shows the differential luminescence spectra in-
duced by nonequilibrium acoustic phonons in the range of
frequencies corresponding to the recombination of excitons
both free and localized at shallow and neutral donors. It is
clear from this figure that a reduction in the intensity of the
zero-phonon luminescence (ZPL) lines of the EICs was not
accompanied by an equivalent increase in the integrated in-
tensity of the phonon wings of the spectrum and there was no
increase in the intensity of the free-exciton luminescence.
Therefore, there was a reduction in the intensity in the radia-
tive recombination channel and this could be expiained in a
natural manner by activation of a nonradiative recombina-
tion process.* Since the maximum quantum energy of non-
equilibrium acoustic phonons in our experiments did not
exceed values of the order of 4 meV (Ref. 2), we concluded
that the characteristic activation energy of this nonradiative
process was located in the low-frequency range #iw < 4 meV.
Estimates of the characteristic energies of the processes of
this type were obtained from the temperature dependences
of the EIC luminescence intensity. An increase in tempera-
ture caused quenching of the luminescence. This quenching
was due to the following factors. Firstly, the electron-
phonon interaction enhanced the probability of radiative re-
combination involving acoustic phonons, so that an increase
in temperature increased the occupation numbers of the
phonon states. This should result in a corresponding reduc-
tion in the ZPL. Secondly, an increase in temperature could
increase the rate of nonradiative recombination of excitons
localized at the impurity centers. This was the process of
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FIG. 1. Luminescence spectra of excitons bound to donors: a) differential;
b) in the absence of phonons at 7= 1.3 K. The values of the volume
density of the energy of nonequilibrium phonons E5 (J/cm®) are taken
from Ref. 2: 1) 3.8%x107% 2) 1.4X107% 3) 3.4X 1073 4) 8.0X 1074,
The inset shows the luminescence spectra of CdS in the exciton part of the
spectrum: a) differential; b) in the absence of phonons at 7= 1.3 K; X is
the free exciton line, the EIC line I, represents an exciton bound to a
donor, and EIC I, is the luminescence line of an exciton bound to an
acceptor.

greatest interest to us because it was intimately related to the
change in the quantum efficiency of the luminescence in the
investigated spectral range. Thirdly and finally, an increase
in temperature caused dissociation of EICs. The population
of the localized exciton states then decreased and this caused
quenching of the corresponding radiative recombination
line.

The problem of a redistribution of the intensity of the
luminescence between the ZPL and the phonon wings could
be investigated relatively easily and identified in the experi-
ments under discussion (see, for example, Ref. 4). We for-
mulated (see below) phenomenological and microscopic
nonradiative recombination models describing all the ex-
perimental results on the changes in the quantum efficiency
of the luminescence in the case of interaction of equilibrium
or nonequilibrium phonons with EICs and used the results
to explain the temperature dependences of the nonradiative
recombination.

The experimental temperature dependences of the lu-
minescence intensity are usually analyzed employing the re-
lationship®
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I(T)=I1(T'=0) /{l +Z ciexp(—E/T) }, D
where E, is the characteristic activation energy and the coef-
ficients c; represent the relative probabilities of recombina-
tion in channels responsible for the luminescence quenching.
Weshall regard I(T') and 1(0) as the integrated values of the
luminescence line intensities subject to allowance for their
spectral profiles. The experimental results presented in Fig.
2 are described satisfactorily by Eq. (1) when two character-
isticenergies E, = 2.5 meV and E, = 7.7 meV and the corre-
sponding coefficients ¢, = 5-10 and ¢, = 200 are assumed.
Therefore, the traditional method for the analysis of the de-
pendences I(T') leads to the conclusion that there are two
characteristic energies of the quenching of the EIC lumines-
cence spectrum and one of these energies (E,) is identical
with the energy of localization of an exciton at a neutral
donor (&), so that the corresponding quenching process can
be regarded as thermal activation of a bound exciton. The
first activation energy level corresponds, as shown below, to
the excitation of vibrational motion of an exciton bound to a
donor. This level decays mainly by the Auger process. It
should be noted that a similar dependence with two activa-
tion energies has been reported earlier (see, for example,
Ref. 6 describing the results on GaAs), but the process of
nonradiative recombination with characteristic energies less
than the energy of localization of an exciton at a shallow
impurity center is identified here for the first time. The ener-
gy level E, of the EICs decays entirely by the nonradiative
process, as demonstrated by the observation that the lumi-
nescence line originating from this state is absent from the
experimentally observed absorption and luminescence spec-
tra. Therefore, the results obtained demonstrate the impor-
tance of the excited states of the EICs in the processes of
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FIG. 2. Dependences of the internal quantum efficiency of the lumines-
cence on temperature in the absence of nonequilibrium phonons (O) and
of the occupation numbers on the effective temperature in the presence of
nonequilibrium acoustic phonons (A ). The dashed curve is calculated on
the basis of Egs. (1) and (23) assuming that E, = 2.5 meV, E, = 7.7
meV, ¢, =7, ¢, = 200. The chain curve is calculated from Eq. (22) on the
assumption that #iw = g, — £, = 2.5 meV and ¢, = 7. The dotted line is
calculated on the basis of Eq. (1) on the assumption that £, = 7.7 meV
and ¢, = 200.
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nonradiative recombination of excitons. We shall show later
that the most striking observation is that the transfer of the
EICs to this state by a flux of nonequilibrium phonons has a
direct effect on the quantum efficiency of the luminescence.
We shall now consider a very simple model which allows for
the influence of the nonradiative decay channel on the inves-
tigated luminescence spectra.

2. KINETICS OF THE LUMINESCENCE OF EXCITON-
IMPURITY COMPLEXES IN THE PRESENCE OF AN
EFFECTIVE RECOMBINATION CHANNEL

The results of Sec. 1 allow us to account for the kinetics
of bound excitons by a model with just two energy levels: a
ground state with a binding energy ¢, and an excited level of
energy £,. We shall assume that the excitons localized in the
ground state of the EICs decay radiatively and the process
can be described by a characteristic optical recombination
time 7, . The excitons in the excited state recombine nonra-
diatively and their lifetime in the case of such decay is 7. In
view of the absorption and emission of acoustic phonons of
energy #iw = £, — £, the system goes over from the ground to
the excited state and the changes in the populations of these
two states are manifested by changes in the quantum effi-
ciency of the EIC luminescence. We shall write down the
rate equations for the populations of the ground », and excit-
ed n, states on the assumption that the rate of generation of
localized excitons in the ground state is g:

dn,/dt=g— (tz~'+W,) no+W,n,,

dni/dt=W no— (W +tx"") 1y, (2)

W1,¢=W0(Nph+l/z"_‘l/z), (3)

where W, and W, are the probabilities of transitions
between the investigated states of the EICs as a result of the
absorption or emission of an acoustic phonon of energy #iw;
N,, are the occupation numbers of these states in the phonon
spectrum. In the case of thermal activation of the EICs the
occupation numbers of the phonon states are described by
the Planck formula
Np=[e/T—1]-".

In the case of the transitions induced by nonequilibrium
phonons the number &, is governed by the spectral charac-
teristics of the phonon flux arriving from the thermal gener-
ator. We shall at this stage not specify the excitation process,
but we shall find from Eq. (2) the steady-state populations
nyand n,:

1+W e+ Wite ’
Wity
1’*‘”/;1}'{“”/1’1’;1 ’ (4)

ny=8Tnr-

We shall define the quantum efficiency 7 of the EIC lumines-
cence as the ratio of the number of decays of the EICs accom-
panied by the emission of optical radiation (n,/7;) to the
total number of decays (n,/7x + n,/7y) (naturally, under
steady-state conditions we have g =ny/7x +n,/7,). The
following expression for the quantum efficiency 7 is derived
from Eq. (4):
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n=[1+W, 1/ (1+ W, ) | 7" (5)

The expression in Eq. (5) is simplest in certain limiting
cases. For example, if the rate of nonradiative transitions is
considerably higher than the rates of all the other processes,
the quantum efficiency
n=1/(1+W,1z)

is governed only by the competition between two processes:
optical decay from the ground state and release of an exciton
to an excited state as a result of phonon absorption. If
W, 7r €1, then during the optical recombination time there
is no significant transfer of the EICs to the excited state and
the quantum efficiency approaches the limit 7 — 1. However,
if there is active “mixing” of the states £, and ¢,, so that
W, 7 > 1, the quantum efficiency is much smaller than uni-
ty: o (W, 7¢) " ". In the second limiting case, when the
times of the phonon-assisted transitions are considerably
less than the characteristic nonradiative time, the quantum
efficiency can be expressed in terms of the ratio of the radia-
tive and nonradiative recombination times:

11=[1+-T"—.-— Non ]_1.

In investigations of the temperature dependences of the
quantum efficiency 7(7T) we have to supplement the two-
level scheme described above by a new channel associated
with the possibility of release of an exciton to a free state. It
follows from the calculations that the possibility of dissocia-
tion of the EICs at temperatures T~ ¢, gives rise to the fol-
lowing characteristic activation term in the denominator of
the expression for 7:
N..(T) (

Wan
n=1+—-—+——"exp
1+W, Ty np
where

e

Nex(T) =2(m,T/2n#?)*, m=(m *m)",

m, and m, are the longitudinal and transverse masses of
holes, 1, is the concentration of neutral donors in the inves-
tigated semiconductor crystal, and V,, is the effective num-
ber of states in the continuous spectrum of the exciton band
participating in the thermal dissociation process. Compar-
ing the expression for the quantum efficiency with Eq. (1),
we can see that our expression applies to the thermal activa-
tion processes as well as to the processes representing any
other mechanism of the excitation of an EIC to a state with a
nonradiative decay channel.

Clearly, the most convincing method for the identifica-
tion of a transition is selective excitation of a specific transi-
tion and a study of its response to such excitation manifested
in the spectrum of the radiative recombination of the EICs.
The existence of an excited state of the EICs with an excita-
tion energy Ae = ¢, — £, is of the greatest interest. Although
the thermal activation experiments suggest the existence of
an activation level with an energy E, = 2.5 meV, neverthe-
less, the process of excitation of transitions with the energy
fiw = A¢ provides an unambiguous proof of their existence
and more detailed information not only on the energy levels
of the system, but also on the kinetic characteristics of the
states participating in the process. We shall now turn to the
experimental results on nonequilibrium phonons. We shall
first consider the question of determination of the quantum
efficiency 7 in this case. The problem is that the dependence
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(1) used to describe the luminescence quenching does not
allow for the ““transfer”” of some of the intensity of the ZPL to
the phonon wings.” It is therefore necessary to separate this
contribution in order to analyze the luminescence quench-
ing, which is entirely due to the nonradiative recombination
process. This can be done (as shown below) only in experi-
ments on nonequilibrium phonons. We shall therefore con-
sider the temperature dependence’ describing the lumines-
cence in the form of a band comprising the ZPL and the
phonon wings. We can show that the quantum efficiency
depending on the phonon nonequilibrium can be found from

6]/]021"7]/110- (7)

where 6J and J, are the absolute values of the integrated
intensity of the differential signal representing the ZPL and
the phonon wings, and of the equilibrium low-temperature
luminescence; 77 and 77, are the internal quantum efficiencies
in the presence of nonequilibrium phonons and under non-
equilibrium conditions. Equation (7) is derived on the as-
sumption that the crystal excitation rates in the presence and
absence of nonequilibrium phonons are the same. In experi-
ments this is achieved by using a modulation method (see,
for example, Ref. 2). We can see from Eq. (6) that if N,,—-0
(or T-0), we have 7— 1. Therefore, experiments on non-
equilibrium phonons make it possible to separate the contri-
bution of just the nonradiative recombination to the lumi-
nescence quenching process. We therefore investigated the
dependences of 77 on the energy and occupation numbers N,
of nonequilibrium acoustic phonons generated in a sample.
The first part of the task was performed using a phonon
generator representing a metal film evaporated on a sample
and “heated” by a laser pulse. This generator created a
phonon spectrum in the frequency band 0-4 meV with a
maximum at 1.5-2 meV. As pointed out above, the occupa-
tion numbers N, varied with the rate of excitation of the
metal film, whereas the form of the spectrum was practically
unaffected. This circumstance was convenient in the design
of experiments on the dependences of the states of the spec-
trum of nonequilibrium phonons on the occupation
numbers. We did not induce transitions between the bound
state of the EICs and the states of free motion of excitons,
because there were no phonons of energy 7-8 meV in the
nonequilibrium spectrum. Figure 2 shows the dependence of
77 on the effective temperature:

T"=ho In= [1H1/N 4 ] nos,smev-

Clearly, in the temperature range 7 * = 1.3-20 K the “‘non-
equilibrium” values of 7 agreed satisfactorily with the re-
sults of measurements of % under equilibrium conditions in
the phonon subsystem. At higher effective temperatures of
nonequilibrium phonons there was no rapid quenching of
the luminescence of the kind observed at equivalent tem-
peratures in the equilibrium case. This demonstrated clearly
that the transitions induced by nonequilibrium phonons did
not affect the states in the continuous spectrum and, conse-
quently, they did not affect the characteristic activation en-
ergy 7.8 meV. Therefore, the experimental results on the
quantum efficiency 7 obtained in the presence of nonequilib-
rium phonons yielded the energy of the excited state of the
EICs and the pre-exponential factor describing, in accor-
dance with Eq. (5), the relative probabilities of decay of the
EICs in various channel: and the rates of the phonon transi-
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tions: Ae=¢,—¢e;,=2.5 meV, where Wy/7r/
(1 4+ Wyry) = 7. We shall consider later a theoretical mod-
el which can be used to calculate the probability of nonradia-
tive transitions 1/7,, as well as the probabilities of the ab-
sorption W, and emission W, of acoustic phonons in
transitions between the investigated states of the EICs,
which makes it possible to find the dependence of the quan-
tum efficiency on the temperature T or the effective tempera-
ture T * (in the presence of nonequilibrium phonons the val-
ue of T* is governed by the occupancy numbers of the
phonon states at the frequency #iw = Ae).

3. AUGER RECOMBINATION OF LOCALIZED EXCITONS

As mentioned earlier, the purpose of the present section
is to discuss at microscopic levels all the processes governing
the quantum efficiency. We shall begin with a calculation of
the probabilities of nonradiative Auger decay. In the case of
excitons localized at shallow donors the Auger recombina-
tion process is accompanied by the release to the conduction
band of a fast electron with energy £(k ) practically equal to
the width of the band gap E, of a semiconductor crystal.
Since the Auger process involves participation of a fast elec-
tron with the quasimomentum

a
ky = —2%”— &,
a characteristic small parameter is encountered in the Auger
recombination problem

a=(kja)~'=(Ep/E,) "<,
where

Ep=H*2m.a’, a=Hh*¥*/m.?,

a is the Bohr radius of the ground state of the donor, E, is
the corresponding binding energy, x is the permittivity of the
medium, and m, is the electron effective [we shall ignore
from now on a possible deviation from the parabolic disper-
sion law £(k) of the conduction band]. The physical mean-
ing of this small parameter is as follows: the probability of
finding in an EIC a particle with a large quasimomentum
k~k, is low and since the characteristic values of the elec-
tron momenta in an EIC are of the order of a ', its smallness
is described by the parameter @ =a~ '/k,<1. In fact the
Auger process probability can be represented by series in
powers of the small parameter a and in our case it is suffi-
cient to consider the lowest ordef in a.

Since an EIC consists of two electrons and a hole, the
wave functions of the initial and final states should be anti-
symmetrized in terms of the electron coordinates. It follows
from Ref. 8 that in this case the Auger decay probability is

Ty~ =215 (&) | Vat Vo |», (8)

where the angle brackets denote averaging over the angles of
emission of a fast Auger electron, p is the energy density for
the final states in the conduction band, ¥, and V, are the
matrix elements for the process of Auger recombination ac-
companied by release of an electron to the band from donor
and exciton states, respectively®:
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The notation in Eq. (9) is as follows: ¢, and ¢,, are the
envelopes of the electron Bloch function for a donor and an
exciton; F'is an envelope for the motion of a hole in a bound
exciton; u, and u, are the Bloch amplitudes for the bottom of
the conduction and valence bands. We shall not specify as
yet the nature of the wave functions, but we shall analyze the
matrix elements ¥, and V.

First of all, we note that the characteristic values of the
coordinate r~k ;' are considerably smaller than a and,
consequently, than the quantity ' ~a, which is governed by
typical dimensions of the region of hole motion in a bound
exciton. In this case the matrix element ¥, splits into inde-
pendent integrals in terms of the variables r and 7':

Ve @ex(0)Jan | om (x) e~ dr, (10)

2
J¢,=%—5 71,—F'(r')u,,’(r')uc(r')d’r'. (11)

We shall now discuss the integral J,, representing the over-
lap of the hole and electron wave functions. The symmetry of
the wave functions at the bottom of the conduction band and
at the top of the valence band is very different in the case of
direct-gap semiconductor crystals. For example, in the case
of CdS the Bloch amplitudes . have the I'; symmetry and
transform like the s function:
u.=|s, =/,
whereas

u,=|2""(zxiy); '/

has the symmetry of the I'y type (and the spin functions
|1/2) and | — 1/2) describe states with the spin projection
m, = + 1/2 along the optic axis Z=c of the crystal, which
is selected as the quantization axis of the states in the valence
band). The projections of the total momentum of the states
at the bottom of the conduction band and at the top of the
valence band with the same spin orientation differ by
Am = + 1. This symmetry gives very definite selection
rules for the dipole matrix elements of an optical interband
transition:
d..=<u,|r|u.,

which is polarized at right-angles to the Z axis. We shall
show that these symmetry properties are important for the
calculation of the matrix element of the Auger decay of an
EIC or, more exactly, they determine the magnitude of the
overlap integral J,,. We shall do this by finding the wave
function of hole motion F(r). The motion of the center of
mass of an exciton in an EIC can be identified with the mo-
tion of a heavy hole which exhibits small oscillations in a
spherically symmetric potential created by the electron com-
ponent of the EIC. In the adiabatic approximation in respect
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of the parameter m_./m, <1 considered by us the amplitudes
of the hole oscillations are sufficiently small so that expand-
ing the ““electron” potential near the equilibrium position,
we obtain oscillatory motion of a hole with the wave function
of the ground state®:

Fo(r)=F,(2)F (p),
Fi(z2)=n"A""exp(—2%/2A?), (12)

F (p)=n"A " exp(-—p?/2A,?), (13)

where A, and A, are the amplitudes of the hole oscillations
along directions parallel and perpendicular to the optic axis
Z. The ratio of A and A, is governed by the anisotropy of
the effective mass of a hole in the band I'y:
AL/A=(my/my)",
where m;, = 0.7m,and m; = Sm, for CdS. In calculation of
the energies of the corresponding oscillations
Lhoy=m2mA 2, ho,=hRm,A*
it is necessary to know the “‘stiffness” of the potential created
by the electron system of the EIC in the hole motion case.”
Therefore, the values of the oscillation energy are quite read-
ily calculated using the available models of the EIC potential
and can be found for the majority of specific cases.” It is more
important to consider the reasons for the suppression of the
Auger recombination process in the ground state of an EIC
and of the strong Auger recombination in the excited state.
We can readily show that the first excited states of an EIC
are formed by a combination of vibrational excitations along
the Z axis and along directions perpendicular to Z (one
should point out that in the case of adiabatic systems with
m_./m, <1 the electron excitations are characterized by ex-
cited states of the EIC higher on the energy scale). We shall
now concentrate our attention on the excited state of the
motion of a hole with the projection of the angular momen-
tumm = + 1along the axis and with the following envelope
of the Bloch functions

Foar(v)=F,(2)F . (p)pe**/A ,=F (2)F, (p) (x=iy)/A..
(14)

It should be noted that rotation about the Z axis effectively
represents a linear combination of oscillations of a hole po-
larized in a plane perpendicular to the optic axis Z of a crys-
tal. In order to avoid terminological confusion, we shall call
the momentum due to the envelopes F(r) the rotational mo-
mentum.

The wave-function overlap integral J., vanishes if a
hole is in the ground state. This is a consequence of the sym-
metry of the system: the wave function of the ground state of
the system is always even and integration of this wave func-
tion in the expression for J,, together with the odd function
u,(r) and any other radial functions gives zero net result.
The same result can be obtained using the properties of peri-
odicity of the Bloch amplitudes «.(r) and u,(r) and calcu-
lating J,, by expanding a smooth envelope in terms of the
intracell variable £ when the coordinate of a particle is
r = R + £ and R are the vectors of the lattice sites in a crys-
tal:
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where v, is the volume of a unit cell in the crystal. We can
also say that a state in the valence band may be filled as a
result of Auger recombination, and this can be described by
altering the projection of the momentum by Am = + 1 in
the case of an “‘exciton”’ electron (this is obtained because of
the Bloch amplitudes which differ by Am = + 1). The EIC
then dissociates under the action of internal forces, so that
the total momentum (or more correctly its projection along
the Z axis) remains unaltered. Consequently, the only var-
iant of the decay is the transfer of the momentum to a fast
electron, which is formed as a result of such a process. The
case r~k,~ ' <r' under discussion corresponds to the reten-

tion in the Coulomb electron-electron interaction of only the
monopole term, which corresponds to a transition without

the transfer of momentum to a fast electron. Clearly, such a
process is forbidden by the law of conservation of momen-
tum, as is demonstrated by the vanishing of the correspond-
ing matrix element. Naturally, a transition accompanied by
the transfer of momentum to a fast electron is allowed if we
include terms of higher order in the multipole expansion of
the electron-electron interaction e°/x|r —r’|. In fact, the
process of transfer of the momentum Am = 41 corre-
sponds to inclusion of the dipole term in the expansion

2 2

e e e’ rr

rr
m—;/— “%7;72—""... (r<<r).

However, the dipole terms contain a small parameter of the
type r/r' ~a (since r~k,~ ""and ¥ ~A, ~a), so that the
probability of the Auger process gives rise to an additional
small term ~ a?. Therefore, the process of the Auger decay
of the ground state of an exciton is accompanied by the trans-
fer of momentum Am = + 1 to a fast electron and it is al-
lowed only in orders higher in terms of the parameter « than
the Auger process without the transfer of momentum.

In the case of an excited state of an EIC F ,, (r) of Eq.
(14) this forbiddeness is lifted. In fact, the total momentum
of an EIC including the rotational motion of a hole is zero, so
there is no need to “transfer” momentum to the fast electron
created by the Auger decay. The overlap integral J !, which
appears in the case of the Auger recombination of an excited
state of an EIC can be calculated directly by the substitution
in Eq. (14):

e (1 , N (& tiy')” , N g3
1= 2§ L p o) )y uey
x AL
e de [ d°R
= A,Lj R Fy(2)F_(p)

i vl G\ €
=2 (n/eA“) 2 (_A_)_x_,

1

R=(z,p), (15)

where d_, is the dipole moment of a matrix element of an
interband transition." Therefore, the rotational motion of a
hole simulates the dipole matrix element of the transition
d.,, but because of the smoothness of the hole envelope
(varying over a distance of the order of A, ) the matrix ele-
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ment ¥V, contains a small factor d,, /A | . The second integral
in the expression for ¥, given in Eq. (10) corresponds to the
wave function of a donor in the k representation when the
quasimomentum is large: k~k,>a~"'. Using the equation
for the donor wave function in the k representation, we ob-
tain an asymptotic expression for

56 = J gur) e=vr arr

ifk>a_‘:
, , dak'
AL dsk'
- (k)j () (2n )3 Tzkz U(k)(PD(O)

(16)

where U(k) is the Fourier component of the impurity poten-
tial and @, (0) = (7a*) ~'/2. Clearly, in the case under dis-
cussion the main role is played by short distances r~k ;'
near the donor center, where k ;' is of the order of the lat-
tice constant. In this case the existence of a “core” part of the
impurity potential and its variation over scales comparable
with the lattice constant increase é)(k/-) considerably com-
pared with the long-range Coulomb part of the impurity po-
tential. The “core” part U(k) does not determine the energy
of a shallow donor, where k~a ™' are important, and can
give rise only to a weak chemical shift. Therefore, if k~k,,
we have (k) = const/k 2. The value of @ (k) can be calcu-
lated exactly for the zero-radius potential:

§h)=[8n (2mEo/h?) ) (k= (8nc) "k, (17)

which will be used in our later estimates. Substituting Eqgs.
(17) and (15) into Eq. (10), we obtain the following expres-
sion for V,:

V 43'[62 -l(drr/A_L)(23‘[‘le”)%&2. (18)

We must point out once again that in the calculation of the
matrix element ¥, for the Auger transition from the ground
state of an EIC we obtain, because of the forbiddeness rules,
the quantity containing a higher degree of the small param-
eter a.

We shall not discuss in detail the procedure for calcula-
tion of the matrix element ¥, but simply point out that it has
a smaller value than ¥V, (Ref. 8). The probability of the Au-
ger recombination of an EIC in an excited state is obtained
by the substitution of Eq. (18) into Eq. (8):

T =64 (Byfh) o (4.2 @) (mfm,) (19

It should be pointed out that in the framework of the adiaba-
tic approximation used by us we have m_. €m,, and the bind-
ing energies of an exciton and a shallow donor are equal, but
the results obtained above can be generalized also to the case
of deep impurity centers when E, > E, . Therefore, the
above formula for the nonradiative Auger decay probability
is expressed in terms of microscopic parameters of the semi-
conductor crystal (E, ,d,,, and a) and in terms of the pa-
rameter A of an excited state participating in the process. It
is interesting to obtain numerical estimates of the Auger de-
cay rate. The dipole matrix element d_, can be obtained from
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the experimental data on optical transitions exhibited by ex-
citons localized at neutral donors.' The characteristic ampli-
tudes of the oscillations of a hole can be estimated to be of the
order of the value which agrees with the “dimensions’ of the
wave function for bound excitons obtained from the formula

ALN[hZ/QmLeD]‘hﬂ

where ¢, is the binding energy of the center of mass of an
exciton. The Bohr radius of a donorisa = 21 A, whereas the
small parameter is & = 0.13. Substitution of these values in
Eq. (19) gives the Auger recombination time which is con-
siderably shorter than the characteristic optical decay times
of excitons in CdS: 7, ~ 107 '°s. Therefore, the excited state
of an EIC may represent a very effective channel for nonra-
diative decay, but its activity requires special conditions. In
fact, at low temperatures, which are usual in the studies of
bound excitons, an EIC is in the ground state and an excited
state is poorly populated, so that the Auger recombination of
bound excitons is unimportant. At high temperatures, when
the dissociation of EICs takes place, the fraction of excitons
localized at neutral donors is small, so that their role in the
formation of the spectra is also unimportant. Consequently,
the nonradiative channel under discussion is effective at
temperatures in the range Ae S T'S €. The role of this chan-
nel is manifested most strikingly when an EIC is subjected to
a flux on nonequilibrium phonons, which transfer the EIC
from the ground state to an excited one.

We shall conclude this section by noting that the pa-
rameters of the EIC potential in different substances may be
those required for the Auger process to an excited state
(with a specific projection of the linear or rotational momen-
tum in the case of spherically symmetric models) which lie
in the continuous spectrum of the exciton band. In this case
the Auger process probability is considerably less than for a
localized state under discussion here, so that all the effects of
the competition between the radiative and nonradiative
channels may disappear.

We shall now calculate the probabilities of phonon
transitions between the ground and excited states of an EIC.
The transition between the vibrational levels £, and £, have
the following probabilities deduced using the conventional
theory of the interaction of carriers with acoustic phonons:

W, =Wo(Nptifoxl]s),

Wom g o | [ Pewenrman ) )

where N, represents the occupation numbers of phonons at
the frequency of a transition #iw = Ae: w is the deformation
potential constant; p is the density of the crystal; s is the
velocity of sound; g is the momentum of an acoustic phonon
for the relevant transition; the angular brackets denote aver-
aging of the direction of the phonon momentum. In the deri-
vation of Eq. (20) we ignored a possible anisotropy of the
parameters w and s of a crystal. Using the explicit forms of
the wave functions of the ground (13) and excited (14)
states, we obtain the following expression for the phonon
transition probabilities:
wa
WJ'? =23‘[hp5‘2 (2A2> (Nph+ /2:t / )

g=Ag/hs, m_ /m,<1. 20
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Substitution of the numerical values of the parameters for a
CdS crystal gives W, ~10'""(N,, +1/2+1/2) s™!
(W,=10'""s™'). We can see that the Auger process rate is
less than the characteristic rate of phonon transitions at
N,, ~1, i.e., than the probability of a transition (accompa-
nied by the emission of phonons) from the excited to the
ground state. Using Eq. (21), we can now find the numerical
values of the coefficients in the expression for the quantum
efficiency of the luminescence of EICs subject to the condi-
tion of irradiation with nonequilibrium phonons:

’TR -t
=~ (1+11N) (22)

ae 14

W,ty+1

where 7, = 0.5 10~%s, in accordance with the experimen-

tal observations reported in Ref. 1. The temperature depen-

dence of the quantum efficiency 7(T) is given by the rela-
tionship

N (T) = [1+11N+660 (T/e0) ™ exp(—ed/T) ], (23)

where the Planck formula is used for the equilibrium value of
N,,. We can see from Fig. 2 that calculations based on Egs.
(22) and (23) give adependence which is in good agreement
with the experimental results for equilibrium and nonequi-
librium phonon subsystems. It should be stressed that in cal-
culation of the quantum efficiency of the luminescence of
EICs we used no fitting parameters.

CONCLUSIONS

It follows that quenching of the exciton luminescence in
direct-gap semiconductors (including cadmium sulfide) is
due to nonequilibrium and equilibrium phonons and is asso-
ciated with a transition of an EIC to an excited state. In the
ground EIC state the Auger process is suppressed. This fol-
lows from the observation that for the same symmetry of the
valence and conduction bands the total momentum of the
corresponding state differs from zero. We need to transfer
this momentum to a fast electron which reduces consider-
ably the Auger process probability.
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The active states responsible for the Auger decay are
the excited states of EICs for which the total momentum
vanishes. Experiments have revealed a new type of local vi-
brations of an EIC associated with the motion of a hole in the
adiabatic potential created by the core of the donor and two
electrons. The corresponding centers can be sources of reso-
nance scattering of phonons in semiconductor crystals.

It should be pointed out that the process under consi-
deration plays an important role in recombination effects
also in other semiconductors at low temperatures. Clearly,
quenching of the EIC luminescence characterized by a low
activation threshold, observed for a number of semiconduc-
tor crystals and particularly for GaAs (Ref. 6), is due to the
Auger decay from excited states of an EIC. This conclusion
is supported by the observation that the appearance of free
holes was observed simultaneously® with quenching of the
EIC luminescence.

"The integral J !, can be calculated also by splitting into cells. Then, the
integration procedure is carried out inside any cell with respect to &
because the wave function of the rotational motion of a hole gives rise to a
dipole matrix element in the zeroth order without expansion of the enve-
lope F(r) with respect to &, as was done for the ground state.
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