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Experimental and theoretical research on the recombination photoluminescence of free hot electrons in
semiconductors (primarily GaAs) is reviewed. The polarization characteristics are discussed. These
characteristics reflect, in particular, a momentum alignment of the electrons by linearly polarized light and an
effect of a ripple in the constant-energy surfaces in the valence band. The dependence of the linear
polarization on the spectrum is discussed in connection with various mechanisms for the energy relaxation of
the hot electrons. The depolarization of the hot-electron photoluminescence in a magnetic field is discussed. A
procedure is discussed for determining the energy relaxation times and the scale times for intervalley
transitions through an analysis of depolarization curves. The energy distribution of the hot electrons is found
from the hot-electron photoluminescence spectrum. The recombination luminescence of hot holes is

discussed. These holes appear when the semiconductor is illuminated in the spin-split-off subband.
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1. INTRODUCTION

Interband absorption of light in semiconductors gives
rise to photoexcited electrons with an energy £,~ kw,,
- E_, where #w,, is the energy of the exciting photon,
and E_ is the gap width, These electrons are then scat-
tered by impurities, majority carriers, and lattice vi-
brations, losing their initial energy and momentum in
the process. The electrons may also recombine with
holes. The recombination time is usually several or-
ders of magnitude longer than the scale time for energy
and momentum relaxation. The overwhelming majority
of the photoexcited electrons are thus thermalized in the
conduction band before they undergo recombination.
The electrons which are involved in the recombination
luminescence are thus primarily thermalized electrons
with an energy of the order of the thermal energy, €
~kT. These are the electrons that determine the great-
er part of the photoluminescence spectrum during
interband transitions and during transitions from the
conduction band to an impurity level.

Under the condition #w — E, > kT, (Kw is the energy of

143 Sov. Phys. Usp. 25(3), March 1982

0038-5670/82/030143-24$01.80

the emitted photon) however, a faint high-frequency tail
can be observed in the luminescence spectrum, This
tail is produced by the recombination of hot electrons,
i.e., electrons which recombine before their energy re-
laxation is completed. We will refer to this component
of the recombination-photoluminescence spectrum as
“hot-electron photoluminescence” (HEP). Studies of
HEP have recently been carried out in crystals of GaAs,
InP, and solid solutions of gallium arsenide.

The particular type of secondary emission with which
we will be concerned in this review —the recombination
luminescence of free hot electrons in semiconductors —
is a special case of a broader range of hot-carrier lum-
inescence phenomena in crystals. Here we must not
overlook the work by Rebane and Saari,’ who were the
first to observed the faint hot-carrier luminescence
lines which correspond to the transitions of electrons
in local centers from states which are not at equilibri-
um with respect to vibrational relaxation. The photo-
luminescence of hot excitons in semiconductors has
been studied studied by Gross, Permogorov, et al.?
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Ivchenko, Pikus, and Takunov® have derived a theory
for the alignment and orientation of hot excitons in
semiconductors, and the scattering of hot excitons by
longitudinal optical phonons has been studied by Aris-
tova et al.* Ulbrich® has studied the recombination lum-
inescence of electrons heated by an electric field. We
would also like to mention Betzler’s detection of a very
faint recombination luminescence of hot electrons which
are produced during Auger processes in silicon.® With
regard to the spectrum of edge (interband) photolumi-
nescence, we note that Shah and Leite’ and Meneses et
al.® have shown that the short-wave part of the spectrum
in GaAs and CdS crystals can be described well by a de-
pendence exp(—%Zw/kT,), where the electron temperature
T, depends on the excitation intensity and is much high-
er than the temperature of the crystal lattice at high in-
tensities. This means that in Refs. 7 and 8 a Maxwel -
lian distribution was established for electrons and holes
generally not at thermal equilibrium with the lattice.
This conclusion applies to the bulk of the photo-excited
carriers, which have already undergone energy relaxa-
tion and which are localized near the band edges, at
distances ~kT, The electron thermalization occurs
through electron-electron collisions.

In the energy range with which we will be concerned
here, which corresponds to hot electrons which have
not undergone energy relaxation, the energy distribu-
tion is very non-Maxwellian. The HEP spectrum fur-
nishes a sort of time sweep of the energy relaxation of
the hot electrons, and a study of HEP can yield some
interesting information about this relaxation. Research
on HEP has revealed a momentum alignment of the
electrons by linearly polarized light, which leads, in
particular, to a linear polarization of the HEP, It turns
out that the frequency dependence of the HEP polariza-
tion characteristics contains information about the en-
ergy and momentum relaxation of the hot electrons and
also about the spin relaxation.

From the HEP depolarization in an external magnetic
field it is possible to determine the energy relaxation
time of the hot electrons for various scattering mechan-
isms. In particular, this method has made it possible
to measure the probability for the emission of an opti-
cal phonon by an electron in GaAs. The hot-electron
distribution function can be constructed from the HEP
spectrum., Our purpose in this review is to examine the
results of this work.

Research on HEP was begun by Zakharchenya, Zem-
skii, and Mirlin,’ who studied p-GaAs crystals and
crystals of solid solutions containing gallium arsenide
(GaAs-~AlAs and GaP-GaAs). The luminescence was
excited with the beam from a He-Ne laser (Fw,, =1.96
eV), and the sample temperature was approximately
100 K. The experimental procedure in that and subse-
quent studies was similar to the procedure used to
study the Raman effect in opagque crystals. The lumi-
nescence intensity spectrum I(fw) and the polarization
characteristics were studied in Ref. 9. Measurements
were carried out for several samples with various ac-
ceptor concentrations in the range Ny ~10'7 —10'° cm™.
The HEP intensity was proportional to the excitation in-
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tensity over the entire spectrum; in p-type samples
this result corresponds to the recombination of hot
electrons with equilibrium holes in the valence band or
at acceptor levels.

Under the experimental conditions of Ref. 9 the
amount by which the excitation energy exceeded the gap
width, fiw, —E,, was 0.45 eV in the case of GaAs; cor-
respondingly, the energy of the electrons at the time at
which they were produced was quite high (£,~ 0.4 eV).

It was thus possible to follow the changes in the HEP
characteristics over a rather large energy range. The
primary results of Ref. 9, which stimulated further re-
search on HEP, were the discovery of anomalously high
degrees of circular polarization, p, (with excitation by
circularly polarized light), and the discovery of a linear
polarization of the recombination emission in the hot
region (with excitation by linearly polarized light). The
latter result was unexpected, since a linear polarization
of the recombination luminescence of free electrons in
direct-gap cubic crystals (and a dichroism in interband
absorption) had previously been observed only in an ex-
ternal electric field'’ (Refs. 10-12).

The spectrum and polarization characteristics shown
for the recombination photoluminescence in Fig. 1 are
typical of p-GaAs at N, ~10'%. There is a broad region
of HEP on the high-frequency side of the peak corre-
sponding to edge (thermalized) luminescence, above 1.6
eV. The HEP intensity is many orders of magnitude
lower than the intensity at the peak of the edge band,
even in the lowest-frequency part, next to the edge
band. Also shown in Fig. 1 are the spectra of p(Fw)
and p,(Fw). We see that p, is approximately equal to
0.45 at the time at which electrons are produced at the
energy £, The appearance of circular polarization in
the recombination-luminescence spectrum obtained with
circularly polarized excitation is caused by an optical
orientation of the electron spins by the circularly po-
larized light.' The maximum possible theoretical val-
ue of p, for the recombination luminescence of thermal-
ized electrons in crystals with the GaAs band structure
is 0.25, as follows from the selection rules for transi-
tions between atomic levels with total angular momenta
of 3/2 and 1/2 (Ref. 15). The same value can be found
for interband recombination by taking an average over
all the directions of the quasimomenta in the Brillouin
zone.'® The values observed for p. in Ref, 9 were thus
anomalously high.

The frequency dependence of p, is complicated, with
two structural features: a minimum near 1.75 eV and
a threshold near 1.6 eV. These features were attri-
buted in Ref. 9 to an onset of transitions from a light-
hole (lh) subband and a spin-split-off subband (the tran-
sition scheme is shown in Fig. 2). The reason why the

Uln indirect-gap semiconductors, with several equivalent
minima in the conduction band, the recombination emission
may acquire a linear polarization because of a preferential
filling of one of the minima of the conduction band by linearly
polarized light. This effect has been observed in PbTe crys-
tals, and a selective filling of valleys during indirect optical
transitions has also been observed in other semiconductors.'3
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FIG. 1. The spectrum, Iiw), and the polarization charac-
teristics of hot-electron photoluminescence. p,—Degree of
circular polarization (with circularly polarized excitation);
p,—degree of linear polarization (with linearly polarized ex-
citation). p-GaAs sample, N9=6-10'" cm™; (100) plane of
the sample; T=80 K.

structural features in the p (% ®w) spectrum are of this
nature is that upon excitation from these subbands elec-
trons are produced with a spin orientation opposite to
that which occurs when electrons are scattered out of a
heavy-hole subband.!®’

In the hot part of the spectrum, as we mentioned
earlier, there is also a significant linear polarization
in the case of linearly polarized exciting light (at the
time of production, p, in Fig. 1 is approximately 0.25).
As the relaxation of the electron energy proceeds, this
linear polarization decreases. In the region of ther-
malized luminescence we find p, =0 (in contrast with
Pc)-

As Dymnikov et al.'” have shown, linear polarization
appears in the HEP spectrum, and the values of p, are
anomalously high, because the momentum distribution
of the photoexcited electrons is anisotropic in the case
of interband absorption of light in semiconductors hav-
ing the GaAs band structure. For excitation from the
heavy-hole subband, for example, the momenta of the

B
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FIG. 2.

The GaAs band structure near the center of the Bril-
louin zone; transition scheme. Arrows point upward—excita-
tion into the conduction band (c) from the heavy-hole subband
(hh), from the Iight-hole subband (Ih), and from the split-off
subband (sh); arrows pointing downward—recombination to
acceptor levels {(A),
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carriers which are produced are directed preferentially
perpendicular to the electric vector (e), or polarization,
of the exciting light. In excitation from the light-hole
subband, in contrast, the momenta of the carriers
which are produced are parallel or antiparallel to e.
Since the selection rules in radiative recombination are
the same as those for photoexcitation, the anisotropy of
the momentum distribution causes a linear polarization
of the photoluminescence. As was shown in Ref. 17, the
appearance of an anisotropy in the momentum distribu-
tion also leads to anomalously high values of the degree
of circular polarization of the HEP. As the electrons
undergo energy relaxation, their momentum distribu-
tion tends to become isotropic. Correspondingly, lin-
ear polarization disappears from the recombination-
luminescence spectrum, and circular polarization de-
creases.

Proceeding in the spirit of the correspondence prin-
ciple, we will devote the first few sections (Secs.
2-5) of this review to interband radiative transitions in
semiconductors of the gallium arsenide type. We will
discuss the polarization characteristics, which reflect
the optical momentum alignment of the electrons and
the optical spin alignment. A ripple of the constant-en-
ergy surfaces in the heavy-hole subband has a strong
influence on these effects (Sec. 6). At low tempera-
tures the HEP results from band-acceptor transitions,
and its polarization reflects the distribution among sub-
bands and the quasimomentum distribution of the holes
at the acceptors (Sec. 7). The variation of the linear
polarization over the spectrum is determined by the re-
lationship between the energy relaxation time and the
momentum relaxation time. At a high hole concentra-
tion the hot electrons start losing most of their energy
through collisions with heavy holes, accompanied by a
conversion of the latter into light holes (Sec. 8). In
moderately doped crystals (N, <3*10" cm™) the hot
electrons lose their energy primarily through the emis-
sion of LO phonons, as can be seen from the phonon os-
cillations in the HEP spectrum (Sec. 10). The impo-
sition of a magnetic field results in a depolarization of
the HEP, because the anisotropic part of the momen-
tum distribution rotates. The scale time for the energy
relaxation of the hot electrons can be determined from
an analysis of the depolarization curves p,(H). This
will be done in Sec. 9 for the case in which the en-
ergy loss results from collisions of hot electrons with
neutral acceptors. In crystals which are doped more
lightly, this approach yields the scale time for the
emission of the LLO phonons and that for the '~ L inter-
valley transition (Sec. 10). At high excitation fre-
quencies, the photoelectrons from the central (I') min-
imum of the conduction band move to side valleys rela-
tively rapidly, then, after reaching the bottom of the
lowest side valley (L) as a result of several intervalley
transitions, they end up back at the central minimum
(Sec. 11). This pumping method (through the L band)
has proved convenient for reconstructing the energy
distribution of the hot electrons from the HEP spectrum
and for analyzing this distribution (Sec. 12).

Finally, Sec. 13 deals with research on the photo-
luminescence of hot holes in n-GaAs crystals. The
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HEP spectrum in this case results from the radiative
recombination of holes which are produced by the light
in a split-off subband (I';; see Fig. 2) with electrons
from the conduction band, The HEP spectrum consists
of a single band at £_+ A (1.85 eV). The hole lifetime
in the I'; band is short because of the relatively high
probability for transitions between subbands of the va-
lence band; as a result, the degree of circular polari-
zation is approximately unity. In other words, there is
a nearly total optical orientation of the holes in the case
of circularly polarized excitation. The hole lifetime in
the I'; band can be determined directly from the depo-
larization of the luminescence in a transverse magnetic
field.

In describing the HEP polarization, we denote the de-
gree of linear polarization by p, and that of circular po-
larization by p.. In addition, for a complete description
of the polarization properties of the luminescence we
will use the Stokes parameters &, £,, £, where £;=p,
and &,=p, {see footnote 4 for more details).

Most of the experimental results which we will be
discussing here were obtained with GaAs crystals,
Figure 2 is a schematic reproduction of the GaAs band
structure near the center of the Brillouin zone. The
energy gaps are E_~1.5 eV and 4=0.34 eV. The effec-
tive masses of the electrons (m_) and the light holes
{(m,,) and the average mass of the heavy holes (m,,) are
approximately 0.07m,, 0.08m,, and 0.6m,, respective-
ly.

In the analysis of the experimental data below we will
use more accurate values for the band parameters,
which reflect, in particular, the temperature depen-
dence of E_, the ripple of the valence band, and the
deviation from parabolic bands.

2. INTERBAND RADIATIVE TRANSITIONS IN
SEMICONDUCTORS HAVING A BAND STRUCTURE
OF THE GALLIUM ARSENIDE TYPE

The correspondence principle'® generates the most
graphic description of direct interband transitions. In
accordance with this principle, a classical dipole with
a natural vibration frequency w,,=(E, - E,)/I is asso-

TABLE I. Matrix elements of the dipole moment D, /D for
_ various interband transitions (A, y, and v are unit vectors;
v is directed along the momentum, while A and u are in the
perpendicular plane).

<
b +172 ~12
1
hh: 3/2 —— (At
+3/ vz (+im) 0
1
— — (A —{]
3/2 0 e (A—1w)
5 1
: 2 ——= (A1
I 412 I/F” S ()
\ 1., T
—1/2 —‘/—g-(l in) 1/ T
. 1 1 N
: —_— —_—
sh: 4172 V3 v V3 A+
1 N 1
—1/2 —W_- (A —ip) "/3_ v
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ciated with each transition between two quantum states
b and a. The amplitude of the dipole moment of this di-
pole is equal to the transition matrix element:

Doy = (a | D | b), ()
where D is the dipole moment operator. The intensity
and the polarization of the emission and absorption of
light upon a quantum transition correspond completely
(in the dipole approximation) to the intensity and polar-
ization upon emission and absorption of light by the
classical dipole in (1),

To what type of dipoles do the interband optical tran-
sitions in direct-gap cubic A"'BY semiconductors cor-
respond? The bottom of the conduction band in these
semiconductors is twofold degenerate and belongs to the
T'; representation. The valence band consists of two
twofold-degenerate subbands® of heavy and light holes,
and the corresponding wave functions at the center of
the Brillouin zone transform by the I'; representation.
Below lies the so-called split-off subband (symmetry
T,; see Fig. 2).

The structural analysis of the states corresponding to
the band edges'® can be simplifed substantially by using
the so-called spherical approximation, in which the cu-
bic symmetry of the crystal is replaced by a spherical
symmetry. The effects of the real cubic symmetry are
not small, and they will be discussed below (Sec. 6).
but the spherical approximation is a useful starting
point. In this approximation the conduction band can be
characterized by orbital angular momentum /=0 and
spin s =1/2, The wave functions corresponding to the
bottom of the band may be written

uf% =5t u;2==5, (2)

where S is a function of the coordinates (in the spherical
approximation, the boundary of the unit cell of the crys-
tal is assumed to be a sphere, and the function S is
spherically symmetric). The two spin directions are
indicated by the arrows.

The valence band is characterized by orbital angular
momentum [=1 and spin s=1/2, so that the total angu-
lar momentum has two possible values: J=1/2 and J
=3/2. The value J=3/2 corresponds to the heavy-hole
and light-hole subbands, while the value J=1/2 corre-
sponds to the subband split off by the spin—orbit inter-
action. The corresponding wave functions for zero
quasimomentum can be written easily by making use of
the standard rules for combining angular momenta. For
the subband of heavy holes (hh), which have angular-
momentum projections M;=13/2 onto the wave vector,
these wave functions are

» 1 L v v, 1 .
u(s/)z=—‘7§—(Xle)?v u‘_é,gz—‘/—E(X—— 1Y) (3)

For the subband of light holes (lh), with M, =11/2, we
have

U L R S 5
ul =~ [ 75 (X+iV)+V 224],
2)Here and below, we are ignoring effects which result from

the absence of a center of inversion in these semiconductors.
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v 1 1 . . .=
ulie '*73[75‘4?& — YR -} 2%]. (4)

For the split-off subband (sh), the wave functions are

uffo= = X+ N+ 2], wlam o (Z— (X —iTM (5)
where X, ¥, Z are functions of the coordinates which
transform as the coordinates x,y, z, respectively, un-
der rotations. The subscripts on the wave functions are
the projections of the angular momentum onto the mo-
mentum p. For the four degenerate states at the top of
the valence band (p =0) the quantization axis can be cho-
sen arbitrarily, but at nonzero momenta the degeneracy
is lifted, and the quantization axis (the z axig) must be
chosen along the momentum in order to construct the
correct wave functions. We will thus assume that the z
axis is directed along the momentum, while the x and y
axes lie in the plane perpendicular to the momentum
(although this point is inconsequential for the conduction
band and for the split-off subband, since for these bands
the degeneracy at nonzero p is the same as that at p=0).
The wave functions in (2)~(5) are the Bloch amplitudes;
the complete wave functions differ from these by a fac-
tor explipr/#).

We can now write down the dipole moments which cor-
respond to transitions between the different subbands of
the valence band and the conduction band.® Here we
should bear in mind that (1) the spin wave functions (in-
dicated by the arrows) are orthogonal for opposite di-
rections and are normalized, (2) momentum is con-
served in the transition (this is the dipole approxima-
tion), and (3) the only nonvanishing matrix elements are

SIDAX=(S|D,1Y)=¢(51D;12)=D.

Table I shows the matrix elements of the dipole mo-
ment vector constructed in this manner (see also Fig.
3). We can draw some conclusions from this table. The
hh—c transitions correspond to two dipoles which are
rotating clockwise and counterclockwise in the plane
perpendicular to the momentum. The oscillations of
these dipoles are 100% polarized perpendicular to the
momentum. The lh—-c transitions correspond to two di-
poles which are oscillating parallel to the momentum
and two which are rotating in the perpendicular plane.
The resultant oscillation is 60% polarized parallel to the
momentum. The sh-c transitions correspond to four
dipoles (as do the lh—c transitions), but the resultant
oscillation is not polarized.

i
o

-3
)

s
2z

hh-c

1
Nojes

FIG. 3. Dipoles corresponding to various interband transi~
tions. The arrows representing the dipoles are labeled with
the relative intensities of the transitions. The levels are
labeled with the projections of the total angular momentum onto
the quantization axis, which is directed along the momentum.
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These results apply to those cases in which the mo-
menta of the electrons participating in the transitions
are not very high, specifically, when the kinetic energy
of the holes is small in comparison with the spin-orbit
splitting A. In the opposite case, the wave functions
“get mixed up”. The corresponding changes will be
discussed below {Sec. 5); at the point we will as-
sume that the momenta are small in the sense just de-
fined.

3. LINEAR POLARIZATION. OPTICAL ALIGNMENT
OF ELECTRON MOMENTA

It is clear from the discussion above that linearly po-
larized light excites charge carriers with an anisotrop-
ic momentum distribution. In hh-c transitions, for ex-
ample, no electrons are excited with momenta parallel
to e (the polarization unit vector of the light wave),
since both oscillators corresponding to hh-c transi-
tions are polarized perpendicular to the momentum.
The momentum distribution of the photoexcited elec-
trons, F(p), at the time at which the electrons are pro-
duced is proportional to the sum of the squares of the
projections onto the e direction for all the dipoles which
correspond to the given type of transition. For hh-c
transitions, for example, we find

F(p) ~ 2- [(he)? + (ue)?] =1 — (ve)2=sin2 8,

where 9 is the angle between e and p. In this manner
we obtain results for all three transitions; these re-
sults may be written in the form®’

P, (=L, (8)

Fp) = Fo(p) {1+ @yPy (cos )],

where P,(cos9) is the second Legendre polynomial; o,
=-1, +1, 0 for hh—c,lh-c, sh—c transitions, respective-
ly; and F,(p) is the symmetric part of the distribution
function. Figure 4 shows the shape of the distribution
function for the various transitions. We see that in the
case of excitation from the heavy-hole subband the dis-
tribution of the photoexcited electrons is flattened along
the polarization direction of the exciting light, while in
the case of excitation from the light-hole subband the
distribution is stretched out in this direction. This ef-
fect has been labeled the “optical alignment of electron

FIG. 4. Shape of the momentum distribution function of the
photoexcited electrons in the case of excitation by linearly
polarized light.?! a—For hh— c transitions; b—for lh—c
transitions. 1In both cases the symmetry axis of the alignment
is along the polarization vector, e, of the exciting light. The
three-dimensional picture of the momentum alignment can be
found by rotating the distribution shown here around e. The
lengths of the vectors indicate the populations of the states
with the corresponding momentum directions.
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momenta.” One of the most interesting manifestations
of this effect is polarization of the HEP.

Let us examine the hot-carrier luminescence in p-
type semiconductors. We may assume that at moderate
excitation intensities the luminescence results from the
recombination of photoexcited electrons with equilibri-
um holes. Since the holes are distributed isotropically,
we may assume that a radiating dipole—one of the di-
poles shown in Fig. 3—corresponds to each electron
with momentum p. The relative intensity I,, (p) of the
emission with polarization e’ for a given momentum di-
rection is expressed by an equation similar to (6):

I (p) ~ 1 -+ aoP; (cos B'), Q)

where @, has the same value as in Eq. (6), and 9’ is the
angle between the electron momentum and the polariza-
tion vector e’. The total emission intensity with a giv-
en polarization e’ is proportional to the product of (7)
and the electron distribution f(p), integrated over all
angles of the vector p:

To = [ (14 0Py (cos 9)] 1 (p) 4. (8)

The polarized component of the emission intensity thus
contains information about the anisotropy of the distri-
bution, which is described by the second Legendre
polynomial.

In the case of excitation by linearly polarized light,
the electrons, which had the distribution in (6) at the
time they were produced and have “descended” to an
energy £, acquire the distribution -

f="Fo(e) {1 +aP, (cos B, (9)

for which the anisotropy parameter is a (and depends
on the energy €). Substitution of (9) into (8) yields an
expression for the intensity of the recombination radia-
tion by the electrons with energy €:

Ter ~ 1+ ag° P, (cosy), (10)

where X is the angle between the polarization vector of
the exciting radiation (e) and that of the luminescence
(e").

We find the degree of polarization of the light emitted
parallel or antiparallel to the exciting light to be

hfy | sam
=T, T, T 0T R

(11)

where I, is the intensity of the luminescence which has
the same polarization as the exciting light (x =0), and

TABLE 11. Initial values of the linear polarization pl of the
recombination luminescence for various excitation and recom-
bination pathways (spherical approximation). The numbers in

parentheses are the polarization for the case P> myyA (Sec. 5).

Recombination ¢ —hh ¢~ 1h c—sh
Excitationr

hh—c¢ 17/ 349 (1/7) 0(—1/3)
lTh—c¢ —3M19 (1/7) 17 (4/7 0(—1/3)
sh—¢c 0(—1/3) 0(—1/3) 0(1/2)
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FIG. 5. Shape of the momentum distribution function of-the
photoexcited electrons for excitation by unpolarized (or circu-
larly polarized) light.? a—For hh— c transitions; b—for

1h —~ c transitions. In both cases the distribution is symmetric
with respect to the direction of the exciting beam (the vector n).
The three-dimensional shape of the distribution can be found by
rotating the distribution shown here around the vector n. The
lengths of the vectors indicate the populations of the states hav-
ing the corresponding momentum directions.

I, is the intensity of the luminescence which is polar-

ized in the perpendicular direction (x =7/2). In partic-
ular, for the luminescence which results from the re-

combination of electrons which have not yet undergone
relaxation (a= a,) we find the numbers shown in Table
1I for various types of excitation and recombination.

Under the experimental conditions corresponding to
the results in Fig. 1, the high-frequency luminescence
edge is shaped by transitions to acceptor levels, The
selection rules for recombination to an acceptor are
the same as those for c-hh transitions, since at high
momenta the wave function of a hole at an acceptor is
formed primarily from the heavy-hole states (Sec.

7). The initial value of p, found experimentally (about
0.25) is higher than that which follows from Table II for
the hh—c-hh transitions (~0.14), because of a ripple of
the constant-energy surfaces for the heavy holes (Sec. 6).

To conclude this section we note that for excitation by
unpolarized or circularly polarized light the distribu-

. tion function of the photoexcited electrons is also aniso-

tropic (with a symmetry axis along the excitation di-
rection). A momentum alignment (Fig. 5) occurs be-
cause of the transverse nature of the light wave. The
distribution can be found by adding the two versions of
function (6) corresponding to two mutually perpendicu-
lar directions of the polarization. We find

F = 2F, [1—4‘2';172 (cos e)], (12)

where 0 is the angle between the momentum and the
beam of exciting light. This distribution leads to po-
larization of the light which is emitted at an angle with
respect to the exciting beam.

4. CIRCULAR POLARIZATION. OPTICAL ALIGNMENT
OF ELECTRON SPINS

In the case of interband absorption of circularly po-
larized light, the photoexcited electrons have their
spins aligned. It can be seen from Fig. 3 and Table I
that the electrons whose momenta were directed along
the exciting beam at the time of excitation turn out to
have a 100% spin orientation for each type of excitation
(the orientation is opposite to the photon angular mo-
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FIG. 6. Relationship between the spin and momentum of an
electron for excitation by circularly polarized light.?! a—

For hh - c transitions; b—for lh—c transitions. The momenta
are directed along the radii of a circle. The vectors which
start at points on the circle indicate the average spins corre-
sponding to the given momentum directions.

mentum in the case of hh-c transitions and along the
photon angular momentum in the case of lh~c and sh-c¢
transitions). H, on the other hand, the momentum of
the electron makes some angle with the exciting beam,
then it will have a different spin orientation. Figure 6
shows the mutual orientations of the momentum and the
spin for the hh-c and lh-c transitions. In the case of
the sh—c transitions, the electron spin is always di-
rected along the photon angular momentum, and there
is a 100% alignment. The following expression may be
derived for the electron density matrix at the time at
which the electrons are produced'’:

Fes By {1 [1—ao 280=1] 1 25,0n 4 g, LV ED—00) - (13)

where 7isa 2X2 unit matrix, ¢ are the Pauli ma-
trices, and n and vy are unit vectors along the direction
of the photon angular momentum and along the momen-
tum direction, respectively. The anisotropy param-
eters a,, B,, and S, are given in Table II. The param-
eter q, is a measure of the momentum alignment; S;n
gives the spin vector, averaged over all momentum di-
rections; and B, is a measure of the correlation be-
tween the spin and the momentum. Relaxation leaves
the density matrix in the same form as (13), but with
anisotropy parameters «, 8, and S which are smaller
in magnitude than a,, B, and S,. In particular, if the
momentum distribution has become completely isotrop-
ic, while the spin has not undergone relaxation, we find
a degree of orientation 25,= —0.5 for hh—c and lh-¢
transitions. This result was believed to be the limiting
value for optical orientation involving these transi-
tions.'*® It leads to a maximum circular polarization
of —0.25%. As a result of the correlation between the
spin and the momentum, the circular polarization of the
HEP is increased. From the expression for the density
matrix in (13) with the anisotropy parameters «, 8, and
S, and from the selection rules in Table I, we find the

TABLE III. Initial values of the anisotropy parameters of the
density matrix of the photoexcited electrons in the case of cir-
cularly polarized excitation.

Transition ap Sa Bo
hh —¢ —1 —1/ —1
lh—e 1 —14 1
sh—e¢ 0 12 0

149 Sov. Phys. Usp. 25(3), March 1982

TABLE IV. Initial values of the degree of circular polariza-

tion, p,, of the recombination luminescence for various exci-

tation and recombination pathways (spherical approximation).

The numbers in parentheses are the polarizations for the case
P> myA (Sec. 5).

Recombination ¢ —hh ¢~ 1h ¢ —sh
Excitation

hh—c 5/7 (5/7T) —519(—5/T) —1/2(0)
lh—c¢ —5/19 (—5:7) 57 (5/7) —1/2(0)
sh—e¢c —12(0 —1/2(0) 10

following expression'’ for the degree of circular polari-
zation, p:

805 8o -+ 10pB, (14)

fo=2 204-aa,y

In particular, for the recombination luminescence of
electrons which have not yet undergone relaxation (o

= &y, B=8,,5=5,) we find the values of p, shown in Table
IV (a value p,>0 means that the angular momentum of
a photon in the luminescence is directed preferentially
in the same direction as in the exciting beam).

Table IV yields the value p,=5/7=0.71 for the initial
degree of circular polarization for the case of hh~c-hh
transitions (which determine the high-frequency HEP
edge). The experimental value from Fig. 1, p,=0.47,
is smaller (but much larger than the maximum value
for the case of an isotropic electron momentum distri-
bution: p =0.25). At this point the reason for this dis-
crepancy is not clear. One possibility is rapid spin re-
laxation of the hot electrons by the precession mechan-
ism proposed by D’yakonov and Perel’.'®

5. EFFECT OF THE SPLIT-OFF SUBBAND

If the energy of the photoexcited holes becomes com-
parable to the spin-orbit splitting A, the selection rules
for interband transitions are changed. These changes
are irrelevant for hh-c transitions, since the heavy-
hole subband is not coupled with the split-off subband.??
The energy spectrum and wave functions of the light-
hole subband, however, undergo important changes at
£,,Z A (Fig. 2). The light-hole subband “gets heavier”
and at €,,> A it runs parallel to the heavy-hole sub-
band. In the limit of high hole energies, the role of the
spin-orbit interaction lessens in importance, K it is
ignored, then the merged subbands of heavy and “light”
holes can be characterized by a projection +1 of the
orbital angular momentum onto the momentum, while
the split-off subband can be characterized by a projec-
tion O.

We will now reproduce some equations from Ref. 23
which describe the anisotropy parameters of the density
matrix (13) for the photoexcited electrons at the time of
production. These equations incorporate the interaction
of the light-hole subband with the split-off subband in
the spherical approximation.

For hh—c transitions, the equations remain the same:

2= =1y So=—=, Bo=—1.

For lh—c transitions, they are
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__&sh —(4-+5B) p*

3 (A+B)p—ep
Esh—Elh :

1
v So=—g+7

Q@
° EghElp

__Esht(B—4) p?
Bo= ash»—e‘”{' (15)
¥ e, > A, then @y~ -1, Sy~ 1/4, and B,~1. For sh—c
transitions these equations are
_(A+5B) p*—eyn __ 1 3 en—4+Bp
W= e ST TR ey
B (A=BI P —em
0 esh—Elp

¥ g,,» A, then a,~2, S;~0, and 8,~ 0.

The constants A and B in these equations determine
the hole spectrum: ¢,,=(A - B)p?

emm=(4+7) p+ 5 F L VIFF—2BAF AL (17)

The hole energies are assumed to be positive and are
measured downward from the top of the valence band.
The constants A and B are related to the hole masses
in the limit p—~ 0 in the following way:

1 m m 1 mpp—m
A= Tuten gl mmo P (18)
As before, the degree of polarization of the recom-

bination luminescence is given by Eqs. (11) and (14).
Tables I and IV give (in parentheses) the degree of the
initial linear and circular polarization in the limit of
large quasimomenta, €,,> A.

The weakening of the spin—orbit interaction causes the
resultant degree of circular polarization to approach
zero for the cases of hh—c and lh—c excitation, The
reason is that in the absence of a spin-orbit interaction
there is no optical orientation of the electrons, and the
angular momentum of the photon is transferred entirely
to a hole upon absorption.

The linear polarization is related to the momentum
alignment of the electrons. With the spin—orbit interac-
tion turned off, the excitation from the heavy- and light-
hole subbands results in the same alignment (a,=-1)
apd thus an identical linear polarization of the lumines-
cence. In the case of excitation from the split-off sub-
band, an alignment occurs [in the limit £,,>> A, we find
a,=2 from (16)], since the split-off subband now cor-
responds to a dipole directed along the momentum.
Figure 7 shows the interband transition scheme in the
limit €, > A along with a picture of the alignment cor-
responding to these transitions. In an analysis of ex-
perimental data it is important to take into account the
deviation from a parabolic light-hole subband for a cor-
rect determination of the energy of the electrons excit-
ed from this subband; Egs. (15) and the data in Tables
II-IV are important for correctly finding the polariza-
tion caused by these electrons. For example, in the
case of the excitation of HEP in gallium arsenide by
photons with an energy #w,,=1.96 eV, the electrons ex-
cited from the light-hole subband have an energy g,
~0.26 eV and begin to contribute to the emission at 1.75
eV. Figure 1 reveals a structural feature at this energy
on the curve for the circular polarization; specifically,
p. changes sign. The linear polarization, p,, on the
other hand, has no such structural feature. This cir-
cumstance is puzzling from the standpoint of a theory
which does not incorporate the effect of the split-off
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FIG. 7. Dipoles corresponding to various interband transi-
tions in the limit €, > 0; shape of the momentum distribution
of the photoexcited electrons for excitation by linearly polar-
ized light. The levels are labeled with the projections of the
orbital angular momentum onto the quantization axis, which
is directed along the momentum.

subband. The structural feature on the p(%w) curve can
be explained on the basis that for lh—c~hh transitions

. the sign of p, is opposite to that for hh—c-hh transitions

(Table IV), and the electrons which have been scattered
out of the heavy-hole subband and which have descended
to an energy £, have already undergone a partial mo-
mentum relaxation, and their contribution to the polar-
ization decreases. The resultant polarization thus
changes sign. The very same arguments would seem to
apply to the linear polarization (Table II). However,
when we take the split-off subband into account we find
that the transitions lh—c~hh and hh—c~hh have opposite
circular polarizations but linear polarizations of the
same sign if the momenta of the recombining electrons
are sufficiently high (see the numbers in parentheses in
Tables 1l and IV). The same is true in the case of re-
combination to acceptor levels. Dymnikov et al.® cal-
culated the polarization for lh—c-A transitions for the
experimental conditions (Fig. 1). It turns out that while
we have p = -0.57 for these transitions the linear po-
larization is positive and given by p,=0.05; this value is
approximately equal to the linear polarization of the
electrons which have been excited from the heavy-hole
subband and which have undergone energy relaxation.
The incorporation of transitions from the light-hole
subband thus has essentially no effect on the spectrum
p(Fw) (Fig. 1).

As another example we might cite the small value of
p, (0.08) which is observed in InP crystals near the
high-frequency HEP edge® (1.9 eV). The value of A in
InP is comparatively low (~0.1 eV), and at this energy
we are essentially dealing with the limiting case p®
>m,,a. In this case, the contributions of the transi-
tions lh—c-hh and hh—c~hh to the recombination are
apparently summed; the values of p, corresponding to
these two types of transitions are identical in magnitude
but opposite in sign, This “cancellation” is responsible
for the small resultant values of the circular polariza-
tion. The linear polarization has a magnitude of 0.14,
in agreement with the theoretical value (Table II).

6. RIPPLE EFFECTS

What effect does the actual cubic symmetry of the
crystal have on the HEP polarization?#'?® This effect
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results primarily from the ripple of the constant-energy
surfaces of the valence band, i.e., from the dependence
of the effective masses of the light and heavy holes on
their quasimomentum direction. The ripple is greatest
in the heavy-hole subband. In gallium arsenide, for
example, the effective mass of the heavy holes in the
[111] direction is m {1111 =0.8m,, while that in the [100]
direction is®’ m{i" = 0.4m,. Let us examine the conse-
quences of this difference. The high-frequency edge of
the HEP spectrum is shaped by transitions back into the
heavy-hole subband of electrons which have been excit-
ed from this subband; after they return, they recom-
bine with equilibrium holes. Holes with momentum di-
rections along the {111} directions are predominant in
the recombination under these conditions, since the
population is greatest along these directions. As a
measure of the preference for population of the {111}
directions over the {100} directions we may adopt the
parameter At /kT, where

1 1
ep =M - hwex — Ey).
Aty mL( (L e (L5 e ) (hwex — E) (19)

The meaning of At,, is clear from the transition scheme
scheme in Fig, 8, At €A, > kT, the recombination
luminescence is produced primarily by carriers with
momenta in the {111} directions. We will call these the
“diagonal” directions. Because of the ripple, the elec-
trons which appear in the conduction band upon mono-
chromatic excitation as a result of hh—c transitions no
longer have a monoenergetic distribution and are in-
stead spread out over a band of width Ae,,. In GaAs,
this width is A€, *0.07(Fw,, - £)), so that at Zw, =1.96
eV we have ae,,~ 30 MeV.

When the ripple is taken into account, the matrix
elements for hh-c transitions are determined by equa-
tions more complicated than those given in Table I It
is important to note, on the other hand, that the equa-
tions in Table I remain valid for momenta directed a-
long the {111} directions. Accordingly, if it is assumed
that the luminescence results exclusively from carriers
with momenta along diagonal directions, then we can
use Eqgs. (8) and (9) to calculate the intensity I,, of the
luminescence with a given polarization, except that the
integration over angles is replaced by a summation over
the four diagonal directions. If, for example, the ex-
citing beam is directed along the [100] axis, and the
polarization vector of the exciting light, e, and that of
the luminescence, e, lie in the (100) plane, making an-
gles ¢ and ¢’, respectively, with the [001] direction,
then the angles over which the summation is to be car-
ried out can be determined from the expressions

cos? ¥, =cos? ¥y =

@l oofr

cos? §; =cos? &, =

The angles 9} differ from 9, in that ¢ is replaced by ¢'.
After the integration is replaced by the summation,
Eqgs. (8) and (9) yield the following intensity for c-hh
transitions:

3)These values were calculated from the band parameters of
GaAs found through a study of the cyclotron resonance.?
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FIG. 8. Diagram used to help explain the meaning of At,.
Shown here are the conduction band and the heavy-hole sub-
band for two momentum directions, [100] and [111]. The
length of the arrows corresponds to the excitation energy.
At Fiw=1.96 eV, the value of At in GaAs is about 30 meV.

Ier=‘l—~;—Lsin2<p-sin2(p’. (20)

It can be seen from Eq. (20) that with hh—c excitations
(a<0) the maximum intensity corresponds to the lumi-
nescence polarized along [011] or [011], depending on
whether sin 2¢ is positive or negative, i.e., depending
on which of these directions is closer to the vector e.

It can also be seen that if ¢ =0 or 7, i.e,, if the vector
e is along [001] or [010], then the luminescence is un-
polarized. The reason for this result can be seen in
Fig. 9a. At these directions of e all the diagonals are
equivalent and populated identically, just as if the dis-
tribution function were isotropic. The maximum degree
of polarization of the luminescence should be observed
at ¢ =+7/4 according to (20); i.e., it should be observed
when e is directed along [011] or [011] (Fig. 9b).

If the polarization properties of the luminescence are
characterized by the Stokes parameters?’ £,, £,, £;, then
the following expressions® are found from (20) for this
particular geometry (with the exciting beam along the
[100] direction):

S = —~—:f—sin 2@ cos 2@, &= ——Z—siHZZ(p. (21)

Hence the maximum degree of polarization for a given
value of ¢ is

l:l%sin&pl (22)

and it reaches its maximum value at ¢ =+7/4, when it
is 0.25 for c¢c~hh recombination of electrons which have
not undergone relaxation (a= a,=-1). This is the ge-
ometry which corresponds to the data in Fig. 1. We

4hye recall that the parameter &3 gives the degree of linear
polarization in the selected system of axes. In the present
case, these axes are chosen along e and along the vector e,
which is perpendicular to e and to the light beam so that we
have ¢3=p, = ([,~ ’1)/ (,+1), where I, are the intensities
of the luminescence polarized parallel and perpendicular, re~
spectively, to the polarization of the exciting light, e. The
Stokes parameter ¢, is the degree of linear polarization in a
coordinate system rotated through 7 /4 with respect to the
original system. The parameter ¢, is a measure of the de-
gree of circular polarization (¢t,=p.). We have the relations
&y=1sin 29, £3=1 cos 2¥, where [ is the maximum polariza-
tion, and ¥ is the angle between the corresponding direction
and the vector e.

27
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FIG. 9. Two versions of the orientation of the polarization
vector e of the exciting light with respect to the diagonal di-
rections in a cubic lattice. a—e |)[001), All the diagonals

are oriented in equivalent manners with respect to e and are
therefore filled identically (p, =0); b—e [|[011]. The vector e
lies in the plane which contains two of the diagonals and is
perpendicular to the plane containing the two other diagonals.
This, the most anisotropic orientation of e, corresponds to the
maximum linear polarization.

see that the initial value of the linear polarization is
approximately equal to the theoretical value.

The Stokes parameters for other directions of the ex-
citing beam can be found in a similar way. We will
write out the results for the case in which the exciting
beam is incident normally on the (111) plane (the
“beam-along-[111] geometry”). In this case there is no
anisotropy of the polarization. The Stokes parameters
for c¢-hh transitions are
) (23)

£, =0, §a=(—C‘)' 13

These parameters differ only slightly from the corre-
sponding values of the spherical approximation (£, =0,
£,= -a/T). Figure 10 shows the angular characteristics
of the degree of linear polarization (£,) constructed
from Egs. (21) and (23).

Figure 11 shows the experimental dependence of the
luminescence intensity I,, on the orientation of the po-
larization plane of the analyzer for the beam-along-
[100] geometry at 100 K for three values of ¢ (Ref. 26).
These results agree well with Eq. (20) with a=-1.

As the temperature is raigsed, and #T becomes com-
parable to Ag,,, electrons and holes with all quasimo-
mentum directions make some contribution to the re-
combination in the case of hh—c-hh transitions. In the
calculation of the Stokes parameters, the summation
over the diagonal directions must be replaced by an
integration over all quasimomentum directions, with al-
lowance for the populations corresponding to these di-
rections. Figure 12 (the solid curves) shows results
calculated for £,(¢) for 300 K from the equations de-

[17o]

(1N
b)

FIG. 10. Angular characteristics of the degree of linear po-
larization, &,(p) [Eqs. (21) and (23)]. Here ¢ is the angle be-
tween the polarization vector of the exciting light, e, and the
principal crystallographic axis which lies in the surface plane
of the sample. a—Beam along [100], £;=%8in? 2¢; b—beam
along [111], £;,=const=0.154,
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FIG. 11. Experimental dependence of the luminescence in~
tensity (I,.) on the orientation of the polarization plane of the
analyzer for the beam-along-[100] geometry and for three
values of the angle ¢ (Ref. 26). 1—g==5°% 2—15°% 3—45°
(Ref. 26). T=100 K, GaAs(Zn) sample, N,—Np=2-10'" em™,
Fw=1,93 eV,

rived in Ref. 25, for the beam-along-[111] geometry.
Also shown in this figure are experimental results for
300 K for Fw=1.93 eV, in which case the HEP spectrum
is shaped by interband transitions (Fw, =1.96 eV). The
nature (the symmetry) of the experimental angular de-
pendence corresponds to the theory, but, as can be
seen from this figure, the measured values of £,(¢) for
the (100) plane are more anisotropic than the calculated
values and correspond better to low temperatures than
to room temperature. Special measurements of the po-
larization anisotropy carried out by Mirlin and Resh-
ina® have shown that it varies much more slowly with
the temperature than would be expected on the basis of
the theory of Ref. 25. The reasons for this discrepancy
have yet to be explained. Interestingly, even under the
assumption T—-=, i.e., even if the diagonal directions
are not special directions in terms of the population,
the polarization should remain substantially anisotrop-
ic (10.5% and 17% for ¢ =0 and /4, respectively), be-
cause of an anisotropy of the transition matrix ele-
ments. The ripple of the constant-energy surfaces in
the gallium arsenide valence band thus makes the HEP
linear polarization dependent on the orientation of the
electric vector of the exciting light with respect to the
crystallographic axes. To conclude this section, we
note that the ripple should not have any important effect
on the circular polarization of the HEP (with excitation
by circularly polarized light).” For the beam-along-
[100], -[110], and -[111] situations we would have &,
=3/4, 12/117, and 9/13, respectively (hh~c-hh transi-
tions). We recall that the spherical model predicts £,
=5/1.

[001] Lon] U:ﬂ

Ai?‘-’ . ‘Q Q/ AL

J
‘(Kf’(\x(
N %

100 1"
al b}

FIG. 12. Angular characteristics of the degree of linear po-
larization £,(¢), for T=300 K. a—Beam along {100}; b~
beam along [111]. Solid curves—calculated for T=300 K;
points—experimental data for a GaAs(Zn) sample, a~N , =Ny
=2+10'® cm™; b—N,~Np=2-10"% em™, T=300K, Aw=1.93eV.
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7. RECOMBINATION OF PHOTOEXCITED ELECTRONS
WITH HOLES LOCALIZED AT ACCEPTORS

At low temperatures in moderately doped p-type crys-
tals, the equilibrium holes are localized at acceptors.
In this case the HEP spectrum is shaped by transitions
from the conduction band to acceptor levels (c-A tran-
sitions). Figure 13 shows the spectrum of the HEP in-
tensity near the excitation line (Fw,, =1.96 eV) for the
same sample as in Fig. 1, at temperatures of 300 and
100 K. On the curve of I(Aw) for T =100 K there is a
clearly defined dropoff, whose position (about 1.88 eV)
corresponds to the recombination of the most energetic
photoelectrons to acceptor levels,®

It would seem that the anisotropy of the polarization
which results from the ripple of the constant-energy
surfaces of the heavy holes should be far less apparent
in ¢c-A transitions than in interband transitions: In
transitions to acceptor levels, no role should be played
by the special nature of the diagonal momentum direc-
tions (they are special because they are energetically
preferred for holes; Sec. §). However, an experi-
ment carried out at 30 K, at which all the holes are
clearly frozen at acceptors, showed? that the linear
polarization remains highly anisotropic. The effect
turns out to result from a pronounced anisotropy of the
quasimomentum distribution of the holes at acceptors.
The wave function () of a hole at a shallow acceptor is
constructed from the free-hole wave functions ¥,,(r):

Yo (r) = \_p Crye (P) Fpn (1); (24)

here M =13/2, +1/2 specifies the four degenerate states
of the hole at an acceptor. The index » takes on four
values, which correspond to the twofold-degenerate
subbands of heavy (hh) and light (1h) holes. The quantity

Dy {p) = ; [ Coae () 12 (25)

is a measure of the distribution among subbands and
the quasimomentum distribution of the holes bound to
acceptors.®’ Solution of the Schrodinger equation for
the acceptor in the momentum representation, with al-
lowance for the ripple, shows that at high quasimomen-
ta, p>>#/a (a is the acceptor radius) we have

dmy,

1
Do (p) ~ 7 = (26)

where m, is the mass in the corresponding subband,
which depends on the direction of p. Equation (26)
shows that at the high quasimomenta which are impor-
tant for the radiative recombination of hot electrons the
distribution of holes at acceptors is dominated by heavy
holes with diagonal momentum directions, which cor-
respond to the maximum mass. The special nature of
the diagonal holes does not depend on the temperature
in this case, however, since it is not related to the dif-
ference between the populations of different energy
states.

At the highest-frequency HEP edge, the special posi-

)1t is assumed that all four degenerate states of the acceptor
are filled identically.
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FIG. 13. High-frequency edge of the HEP spectrum for exci-
tation with Ziw,, =1.96 eV (Ref. 28). a—T=100 K. The slope
change corresonds to recombination of the highest-energy pho-
toelectrons to acceptor levels; b—7T=300 K. The HEP spec~
trum ranges up to# w,,. The GaAs(Ge) sample here was the
same as in Fig. 1. The peak LO corresponds to Raman scat-
tering of light by a longitudinal optical phonon.

tion of the diagonal directions and the associated anisot-
ropy of the HEP polarization should become even more
prominent, because {Sec. 6) the maximum energy €,

is acquired during photoexcitation by those electrons
which are scattered into the conduction band from diag-
onal directions in the valence band.

The measurements whose results are shown in Fig. 1
were carried out in the beam-along-[100] geometry and
under conditions such that the HEP spectrum was dom-
inated by transitions from acceptor levels (Fig. 13).

The experimental values of the degree of linear polar-
ization at the high-frequency edge of the spectrum turn
out to be highest in the case eli [011] and approximately
equal to the calculated value {0.25) (Fig. 1). As shown

in Ref. 28, the minimum value is (in accordance with

the calculations) approximately zero in the case e | [100].

8. HEP SPECTRUM AND RELAXATION EFFECTS

The energy relaxation of the photoexcited electrons
may result from the emission of phonons and also from
collisions with other electrons and with holes. In p-
type crystals with a sufficiently high doping level, p
>10'® em™, the primary energy-loss mechanism is that
involving collisions of electrons with holes, either free
or localized at acceptors.?’ The energy loss due to the
emission of optical phonons is of minor importance at
such hole concentrations. The energy loss due to colli-~

€)1t is assumed that the excitation intensity and, correspond-
ingly, the concentration of photoexcited electrons are not
very high, so that the energy relaxation due to electron—
electron collisions may be ignored. This simplification is
valid for the papers considered in the present review.
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sions of hot electrons with holes may be comparatively
slight, and at any rate it may not occur in strictly fixed
increments (in contrast with the energy loss resulting
from the emission of optical phonons). The HEP spec-
trum in this case is therefore a continuous, structure-
less spectrum, as it is in Fig. 1, where it is shown for
liguid nitrogen temperature. The spectrum is of the
same nature at liguid-helium temperatures. The par-
ticular shape of the spectrum is determined by the dis-
tribution functions of the hot electrons and holes and
also by the frequency dependence of the transition prob-
ability. Knowing this probability, we can reconstruct
the hot-electron distribution function from the HEP
spectrum, as we will see in Sec. 12. In moderately
doped crystals (N4~ 10" ¢m™) at low temperatures (T
<30 K), there is a clearly defined structure in the HEP
spectra: oscillations with a period equal to the energy
of long-wave longitudinal optical (LO) phonons. The
emission of LO phonons evidently becomes the primary
mechanism for energy relaxation in this case. The
spectra of this type will be described in more detail in
Sec. 10.

As the photoexcited electrons undergo energy relaxa-
tion, they also undergo momentum and spin relaxa-
tion.”” The result is a decrease in the degree of polar-
ization with decreasing electron energy € and, corre-
spondingly, with decreasing photon energy in the HEP
spectrum. The coefficient @, which is a measure of the
degree of anisotropy of the momentum distribution in
Eq. (9) and thus a measure of the linear polarization
[Eq. (11)], decreases with decreasing energy. The de-
pendence of g on the energy € can be determined from
the simple equations'’

da 14 de_ _t
T A (27)

where 7, is the energy relaxation time, and 7, is the
relaxation time for the anisotropy associated with the
second Legendre polynomial. For small-angle scatter-
ing, such as that in the case of the scattering of holes
or impurities by a Coulomb potential, Tp, CaN easily be
expressed in terms of the ordinary momentum relaxa-
tion time 7,:

e _ lim {—P,(cos®) =3,

Tpy 00 1—cos &

From (27) we find®’

e de
azaoexp(—i—:;—l?). (28)
In the case of high acceptor concentrations, in which
the relaxation is dominated by an interaction with holes
or charged centers, the ratio 7,/ Ts, is independent of
the energy with logarithmic accuracy. From (28) we

Here and below we are ignoring absolutely elastic collisions.
This question will be taken up in the Appendix.

84 more rigorous analysis, based on the solution of the kinetic
equation,?® shows that 7 in (27) and (28) should be replaced
by the time 7/, which incorporates the correlation between
the change in the energy and that in the momentum during the
collision. For the case of interest, however, of small-angle
Coulomb scattering, we have 7, =7{.
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then find
=(_s_)t€’11‘1. (29)

&y

&la

The spectrum of the degree of linear polarization of the
HEP is essentially always identical to the energy de-
pendence of & [see Eq. (11)], since the energy of the
photon which is emitted in direct interband transitions
is unambiguously related to the energy of the recombin-
ing electron. For C-hh transitions, for example, we
have

ho=Ep+e (1445 ).
In a collision of a light particle (an electron with mass
m¢) with heavy particles (heavy holes with mass m,,)
the electron loses energy more slowly than it loses mo-
mentum,®’ by a factor of m,,/m¢c. Since we have m¢
=0.0Tm, in GaAs, and the average mase of the heavy
holes is m,, =0.6m,, we conclude that 7. should exceed
Ts, by about an order of magnitude. The ratio 7./ T,
turns out to be even larger (about 20) if we take into ac-
count the fact that the time Ty, (but not 1) is reduced
further by collisions with impurities. Such a large val-
ue of 1./ T,,Would correspond to a far more rapid polar-
ization decay than is actually observed. The experi-
mental results for p,(kw) in this case can be approxi-
mated well by Eq. (29) with -r:/-r,2= 5.

This question was taken up in Ref. 30, where an ef-
fective mechanism was proposed for the energy relax-
ation of hot electrons in p~-type semiconductors. It was
shown in that paper than the primary mechanism for

-energy transfer from fast electrons to holes is that of

collisions of an electron with heavy holes, accompanied
by the conversion of the latter into light holes (i.e., by
the scattering of heavy holes into the light subband).

° The electron energy relaxation which results from this

mechanism turns out to be the same as that which would
occur in the case of ordinary Coulomb collisions with
particles having the mass of the light hole (m,,) and a
concentration equal to half that of the heavy holes. This
mechanism is effective for electrons with an energy ¢
>(my,/m)kT. Because of this mechanism, the energy
relaxation time of the fast electrons turns out to be
comparable in magnitude to the momentum relaxation
time. The picture is similar when the holes are local-
ized at acceptors, i.e., when electrons collide with
neutral acceptors. If the electron momentum satisfies
p>V m £, where €4 is the acceptor ionization energy,
the hole bound at the acceptor may be treated as free.

According to the estimate in Ref. 30, the proposed
mechanism for the electron energy relaxation becomes
more effective than the mechanism involving the emis-
sion of optical phonons at a hole concentration exceed-
ing 210" em™ in gallium arsenide. Taking into ac-
count only those collisions which are accompanied by
interband transitions of holes, we find 7./7,,~ 1.5,
When we also take into account ordinary collisions with

$)Collisions of electrons with light holes may be ignored since
their concentration is lower by a factor of (my,/m;,)?/? than
that of heavy holes.
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FIG. 14. Dependence of the degree of linear polarization of
the HEP on the energy of the recombining electron. Circles—
experimental data, for the p-GaAs sample of Fig. 1; curve—
calculated from Eq. (19) from Ref. 30.

holes and with ionized acceptors, we find

Te oo G Mhnmiy,

T, me(mph+myp) °

from which we find 7./7, = 6 for GaAs (for m¢ =0.0Tm,,
m,=0.085m,, and m,,=0.6m,). This value must be re-
duced slightly because of the deviation from a parabolic
conduction band, since the increase in the mass of the
electrons along with the increase in their energy leads
to a decrease in .. The final theoretical dependence in
Fig. 14 (the solid curve) agrees quite well with the ex-
perimental data found from the linear-polarization
spectrum in Fig. 1.

9. HEP DEPOLARIZATION IN A MAGNETIC FIELD.
MEASUREMENT OF RELAXATION TIMES

In a2 magnetic field H the Lorentz force rotates the
momenta of the photoexcited electrons. The HEP po-
larization is accordingly changed, unless the field is
directed along the symmetry axis of the electron mo-
mentum distribution. The simplest case is that in
which the magnetic field is directed along the light
beam. In this case the symmetry axis of the distribu-
tion, which is directed along the polarization vector e
of the exciting light at the time of excitation, is rotated
around H, remaining perpendicular to it at all times.
The angular rotation frequency is the cyclotron fre-
quency:
eH
mee * (30)

Let us assume that the HEP photon energy corre-
sponds to the recombination of electrons with an energy
£. The momentum-direction distribution for these
electrons is rotated (with respect to e) through an angle
Pule, £0) = w (e, £,), where 1€, g,) is the time over
which the electrons descend from their original energy
g, to the energy €. This rotation may be observed if the
angle ¥, is not too small. ¥ 7(c,£,)~1072-10™* s, then
the condition w,t~1 with m¢~0.1m, holds in fields H
~10* ~10° Oe. Experimentally, the effect of a magnetic
field on the HEP polarization becomes reliably detect-
able at w,7~0.3.

We =

Let us express the Stokes parameters of the HEP in
terms of the rotation angle® w_t(€,€,). In the beam-
along-[100] geometry for C-hh transitions it is a good
approximation to use Eq. (20), in which the replacement
@~ 9+ w,7(€, ;) should be made. We then {ind the fol-
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lowing expression for the intensity of the luminescence
with polarization e’:

I.,.~1+(——g—)sin(2qv+2mcr(e, €g))+8in 2¢’, (31)
where a is the anisotropy parameter of the distribution
function (this parameter, we recall, is negative for hh-
C excitation), and ¢ and ¢’ are the angles made by the
vectors e and e’ with the [001] axis of the crystal.

In the coordinate system tied to the polarization vec-
tor of the exciting beam, we find from (31) the following
expressions for the Stokes parameters® :

& = lcos2¢, E; = Isin2¢, (32)
l:(—%) sin [2¢ + 20,7 (€, &)]. (33)

It follows from these equations that again in a magnetic
field, despite the rotation of the distribution function,
the direction of maximum polarization is along the [011]
or [011] axis, as would be expected for this geometry
according to Sec. 6. The degree of maximum polar-
ization (I), on the other hand, oscillates with the mag-
netic field, reaching a maximum whenever the symme-
try axis of the distribution crosses the [011] or [011]
direction.

For the beam-along-{111] geometry (for C-hh transi-
tions), the Stokes parameters are®

(H) = &, (0) sin 20,7 (&, &), (34)
(H) = &, (0) cos 2mc7 (&, &), (35)

e e
A

where £,(0)=-20/13. [The Stokes parameters are of
the same form in the spherical approximation, except
that £,(0)=—a/7. We again see that the ripple has al-
most no effect in the beam-along-{111] geometry.] In
this case, on the other hand, the direction of the maxi-
mum polarization rotates around the magnetic field
along with the distribution function, while the magni-
tude of the maximum polarization remains constant.

Equations (32)—(35) hold only when the descent time
1(€,€,) is a strictly determined quantity for all the
electrons. This is approximately the situation when an
electron loses energy in small portions, and the inter-
val between £, and € contains a large number (N) of such
portions. Although the emission time for each portion
fluctuates, the fluctuations At in the total time 7(c, €,)
are small (a7/T~1VN). Under these conditions, the
descent time can be expressed in terms of the energy
relaxation time 7, by making use of the second equation
in (27):

R de’

T(E, g)= 5 Ter — . (36)

€
e

Even if Ar/7 is small, the phase coherence of the os-
cillations should be lost in strong magnetic fields, such
that w,AT< 1, so that these oscillations will be damped.
This question has been studied in detail elsewhere.®

Near the excitation line, when the difference £, ~¢ is
smaller than or comparable to the characteristic ener-
gy lost in a collision, the fluctuations in the descent

1005ee the definition of the Stokes parameters in footnote 4).

Zakharchenya et al. 155



time are large, and the nature of the magnetic depolar-
ization changes. In this case, 7{g,€,) represents the
time spent by an electron in the interval between £ and
€9, and in the limit £~ ¢, it becomes simply the time
spent by the electron in its initial state, 7.

The probability that the time 7’ lies in the interval d7’

is
W('r’)d't'=e“"/‘-d;i, (31

where 7 is the average time spent by an electron in the
state with initial energy ¢, (the time required for it to
leave its initial state). An expression describing the
behavior of the magnetic depolarization in this case can
be derived by averaging Eqs. (32)-(35) over the various
realizations of the time 7(g, £,) = v/ with the probability
in (37). We then find the following expression for the
maximum degree of polarization, to replace (33), in the
beam-along-(100] geometry:

1= ( _1_) gin 29+ 20,7 C0s 2¢ .

e [EE Yy (38)

In the beam-along-[111] geometry (and also for the
spherical model), we find instead of Eqs. (34) and (35)
the following expressions for the Stokes parameters:

8 (H) =4 O g (39)

& () =1 0) priggen- (40)
Equations (39) and (40) are completely analogous to the
equations describing the magnetic depolarization of the
atoms of a gas'® which results from the rotation of the
atomic moment in a magnetic field (the Hanle effect).

It follows from these equations that the maximum rota-
tion of the polarization plane (as w,r~ =) is 45°. The
effect of a magnetic field on the HEP polarization was
first studied experimentally in Ref. 32. Detailed ex-
periments on the depolarization of the HEP in magnetic
fields up to 70 kOe were carried out in Ref. 33. The
experimental arrangement is shown in Fig. 15. The
sample (1) and a spherical mirror (2) are placed inside
a superconducting solenoid (3). The beam from the ex-
citing laser is directed along the axis of the solenoid
(this is the Faraday geometry) and is focused onto the
surface of the sample by a long-focal-length objective
(not shown in Fig. 15). The light emitted from the sam-
ple is collected by the spherical mirror (2), directed

A

FIG. 15. Diagram of the liquid-helium cryostat with a super-
conducting solenoid for measurements of the magnetic depolar-
ization.3® The sample (1) and the spherical mirror (2) which
collects the luminescence are inside the solenoid (3). The ar-
rows show ray directions.
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FIG. 16. Dependence of the Stokes parameters ¢, and ¢; on
the magnetic field.*® a—Beam along (100], e I [011], GaAs(Zn)
sample, N, —Np=2°10'"® cm™; b—beam along [111], GaAs(Zn),
N,—Np=0.9-10'" em™.

out of the cryostat, and focused onto the entrance slit
of a DFS-24 spectrometer. This arrangement, with a
short-focal-length collecting mirror (2), was chosen
because of the low intensity of hot-carrier lumines~
cence. Despite the large aperture ratio of mirror (2)
(1:1.4), the maximum deflection of the luminescence
rays inside the sample is only about 6°, because of the
high refractive index of GaAs. Accordingly, the exper-
imental results may be compared without any appreci-
able error with a theory in which the directions of the
excitation and luminescence rays are assumed to be
parallel. In the measurements, the sample was in lig-
uid helium with pumping (7=1.6 K), or in helium vapor
(in this case the crystal temperature was about 30 K).

Figure 16 compares the results measured for the
Stokes parameters for the beam-along-[100] geometry
for ¢=n/4 and for the beam-along-[111] geometry.
These measurements were carried out with excitation
by a He—Ne laser (hw,, =1.96 eV) at the high-frequency
edge of the luminescence spectrum {($w=1,88 eV, the
luminescence resulted from transitions between the
conduction band and an acceptor level). It follows from
this figure that for the beam-along-|100] geometry the
parameter £, remains essentially egual to zero, while
&, decreases with increasing magnetic field. These re-
sults are in agreement with Eqs. (32) and (38) for ¢ =7/
4 and indicate that there is no rotation of the polariza-
tion plane. For the beam-along-[111] geometry the de-
crease in £, is accompanied by an increase and then a
decrease in §,, implying a rotation of the polarization
plane and in agreement with Eqs. (39) and (40). [The

FIG. 17.

Spectrum of the degree of linear polarization, £;,
without a magnetic field and in a magnetic field of 70 kOe.
GaAs(Zn) sample, N,—Np=1.2-10' cm™, T=1.6 (the upper
curve corresponds to H=0).
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FIG. 18. Curves of the depolarization in a magnetic field for
various energies fiw in the HEP spectrum.’? 1—1.893 eV;
2—1,85eV; 3—1.81 eV; 4—1.77 eV (Ref. 32). The sample
is the same as in Fig. 17. T=1.6 K, #w,=1.96 eV, beam-
along-{111] geometry.

rotation angle in the field H =45 kOe in Fig. 16b is ¢
=(1/2)arctg(£,/£,)=13".] When H is reversed, the ro-
tation also reverses.

The measurements described below were carried out
in the beam-along-[111] geometry, for which the orien-
tation of the electric vector of the exciting light with
respect to the crystal axes is inconsequential.'"’

Figure 17 compares the ¢, spectrum in a magnetic
field H="70 kOe with the corresponding spectrum in ze-
ro field. In addition to the depolarization of the lumi-
nescence —the decrease in £,—caused by the tendency
for the distribution function to become isotropic, there
is a further decrease in £; in a magnetic field because
of the rotation of the HEP polarization plane. As a re-
sult of this effect, the polarization disappears far more
sharply in a strong magnetic field.

Figure 18 shows a series of depolarization curves
£,(H) for various energies Fiw in the luminescence spec-
trum. The smaller energies #w correspond to a longer
descent time and thus larger rotation angles in a given
field. As a result, the dependence &,(H) becomes
sharper as fiw decreases. The shape of the curves
should be described by Eq. (40) if fiw is near the high-
frequency luminescence edge, or by Eq. (35) far from
the edge, where the recombining electrons lose many
portions of energy. Actually, an intermediate situation
is the most probable. From Egs. (40) and (35), how-
ever, we find very nearly equal values for the angle
2w,T, at which the degree of depolarization decreases
by a factor of two [7/3 from Eq. (35) and 1 from Eq.
(40)]. Working from the value of the magnetic field
(#,,,) which corresponds to a halving of £,(H) we can
therefore determine 7, using

2(0“/31 = 1. (41)

1n the interpretation of the results on the depolarization of
the HEP in transitions to acceptors, the splitting of the four-
fold-degenerate state of the acceptor was ignored, since this
splitting is smaller than the spread of the acceptor levels in
doped crystals. As a result, the degree of circular polari-
zation of the HEP in the case of linearly polarized excitation
does not exceed a few percent.
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FIG. 19. Dependence of the descent time 7 on the energy of
the recombining electron, £. The times T are determined
from the half-widths of the depolarization curves in Fig. 18.
For £ —&;, we have 7~0.5°10"13 s, and in this case this time
is the time taken to leave the initial state.

In one limiting case, this value of 7 will represent the
average time taken for an electron to leave the state
with the initial energy, while in the other limit it cor-
responds to the descent time. Values of 7 determined
in this manner'® from the curves in Fig. 18 are shown
in Fig. 19, as a function of the energy of the recombin-
ing electrons, 7.

In the limit ¢ - ¢, we find the departure time 7
=0.5-10" 5. Figure 20 shows this time for several p-
GaAs samples doped with Zn and Cd, with uncompen-
sated-acceptor concentrations N, ~Np ranging from
0.9'10" cm™ to 1.4-10'® cm™ [for the high-frequency
edge of the luminescence spectrum, the experimental
curves of £,(H) can be described well by Eq. (40)]. The
measured results on 7 as a function of Ny — N, are ap-
proximated by a straight line

- L

==+ C(Ny—Nyp), (42)

1
T Ty

where C=(0.920.3)'10" cm®/s and 1/7,=1.4:10'% 5%,
In samples having a high acceptor concentration, the

Y

Ni=“p
FIG. 20. Dependence of the departure time on N, —Ny for
several p-GaAs samples (Ref. 33). The experimental depen-
dence is approximated by the expression1/t=(1/1)
+C(N,~Np), where C=(0.9+0.3)°10% cm*/sand 1/
=1.4-10 g1,

2)Here [and also below, in a calculation of the cyclotron fre-
quency, which appears in (41) and (47)] we are taking the
nonparabolic shape of the conduction band into account. The
cyclotron mass m(g) is found from the approximate expres-
sion for a Kane band,

2
nE@=mO (1+5-),
where m(0)=0.067m,, and E;=1.52 eV. For £,=0.38 eV
(this is the initial energy of the electrons in the case of exci-

tation by a He—Ne laser, with kw,,=1.96 eV), the cyclotron
mass is m=0.1m,.
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primary mechanism for energy relaxation is apparently
the collision of electrons with neutral acceptors, ac-
companied by the excitation or ionization of the latter.
A theoretical estimate of the total cross section (¢} for
the excitation and ionization of neutral hydrogen-like
atoms by fast electrons® in a medium with the dielec-
tric permittivity of GaAs yields gv=0.5°10"° ¢cm?®/s (at
v=10% cm/s), in satisfactory agreement with the value
given above for C.

At low impurity concentrations, the processes pri-
marily responsible for the energy relaxation of photo-
excited electrons are the emission of long-wave LO
phonons by these electrons and intervalley scattering'®’;
these processes also determine the time 7, in Eq. (42),
as can be seen from the appearance of phonon oscilla-
tions in the HEP spectrum (Sec. 10).

Let us examine Fig. 19, which corresponds to a rela-
tively high impurity concentration (N, —-N,=1,2-10'®
cm™3), The data shown for 7 in this figure for the larg-
est values of £, - € represent the descent time (g, €,).
The energy dependence of 7 in this region can be ap-
proximated by a straight line drawn through the origin
(the dashed line). This line corresponds to Eq. (36),
which takes the following form in the case £, -¢ <<g,:

T (e, eo)=-1:T"(Bo—B)- (43)

The energy relaxation time determined from the slope
of the dashed line, 7, =5.6 1073 5 at 7.,=0.38 eV,
agrees satisfactorily with the theoretical result for the
total energy loss of fast electrons through the excitation
and ionization of neutral acceptors®:

%o =V 2m o(mun ~ Map) (Mppiyy) EL:::“%# ln !‘% , (44)
where  is the dielectric permittivity, and I is a quan-
tity of the order of the acceptor ionization energy.
Adopting the values £,=0.38 eV, I=0.03 eV, and N,
~Np=1.2:10'" cm™, we find the value 7, ~6:10™* s
from (44). ’

10. PHONON OSCILLATIONS IN THE HEP SPECTRUM

At an acceptor concentration N, <5*10"" ¢cm™ and at
temperatures below ~50 K, oscillations appear in the
HEP spectrum with a period of about 37 meV, which is
equal to the energy of long-wave LO phonons in gallium
arsenide. Figure 21 shows the high-frequency regions
of the HEP spectra obtained in a sample with N, =N,
=0.9° 10" cm™ excited by beams from He—~Ne and Kr*
lasers (Fw,, =1.96,1.83,1.65 eV). The first high-fre-
quency maximum on each of the spectra I, IL, III in Fig.
21 results from transitions to acceptor levels of elec-
trons photo-excited from the heavy-hole subband which

13)The contribution of scattering by acoustic phonons may be
ignored. The scale time for the emission of an acoustic
phonon in GaAs at an energy of 0.4 eV is ~5+10"2 g, while
the energy relaxation time is 7, ~10°® 5. Electron—electron
collisions also make only 2 minor contribution to the energy
relaxation. Estimates show that at the concentration of pho-
to excited electrons under experimental conditions, ~10'®
cm3, we have T,,~107"" s,
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FIG. 21, Hot-carrier photoluminescence spectra of GaAs(Zn)
(Refs. 33 and 34). N,~Np=0.9-10'" cm™, for three different
excitation lines: I—1.96 eV; II—1.83 eV; IlI—1.65 eV. The
arrows show the positions of the exciting lines. The TO peaks
correspond to Raman scattering of the light by TO phonons
(scattering by LO phonons is forbidden in this experimental
geometry). The inset shows the transition scheme. The ex-
citation is from the heavy-hole (hh) and light-hole (1h) sub-
bands. Peaks 1, 3, and 2 in the luminescence spectrum corre-
spond to excitation from the hh subband and recombination to
acceptor (4) levels of electrons from the production point and
after the emission of one and two phonons, respectively.

have not undergone energy relaxation. The second and
third maxima correspond to the recombination of elec-
trons which have emitted one and two optical phonons

in succession; the corresponding transition scheme is
shown in the inset in Fig. 21. The lower-frequency
part of spectra I and II is complicated by the onset of
recombination transitions of electrons excited out of the
light-hole subband. The oscillations in the HEP spec-
trum are quite clearly defined 2t N, ~3-10"" ¢cm™, and
their amplitude does not change as N, is reduced furth-
er. This result is evidence that emission of LO pho-
nons becomes the primary mechanism for energy re-
laxation of hot electrons at these impurity concentra-
tions.

The width of the peaks in the spectra is determined
by several factors, in particular, (a) the energy spread
of the final states (the acceptor levels) Which results
from the spatial fluctuations caused by the impurity~
impurity interaction and (b) the broadening of the initial
electron energy distribution by the ripple of the valence
band (Sec. 6). The broadening caused by the ripple
decreases with decreasing excitation energy, as is ob-
served experimentally. Furthermore, we do not rule
out the possibility that the peaks are broadened some-
what by the proximity of the crystal surface and that
this factor becomes less important with decreasing en-
ergy because of the decrease in the absorption coeffi-
cient.

Polarization measurements have revealed that the
degree of linear polarization decreases from peak 1 to
peak 2 and also from peak 2 to peak 3, by a factor of
about 1.5 in each step. This decrease results from the
tendency toward an isotropic electron distribution
function accompany ing the emission of an optical pho-
non. It is not difficult to calculate the behavior of the
anisotropic part of the distribution function. The prob-
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ability per unit time for a transition due to the emission
of an optical phonon, w(p,p’), is proportional to
|p-p’|™% where p and p’ are the initial and final mo-
menta of the electron. If the distribution function be-
fore the transition, f,(p), is of the form in (9), then the
distribution function after the transition will be of the
same form, with

. Py (cos 0 L) > do
Ly pp
@, \ ip—p 12 dQ/ .\ fp—p 127’ (45)

where 9, is the angle between p and p’. A calculation
yields

“ney _ 3R+ 3R+ ka3
% SEL e, 4

ELThE s [‘ln EntEnsy T2 1V enknyy

1 €nfn hrw1,0

(46)
where €, and £,,, are the energies of the electron before
and after the emission of the optical phonon. With ¢
=0.4 eV we find for GaAs (Fwyo =37 meV) the value o,/
a,,,~ 1.6 from this expression. This is close to the
value found experimentally.

The dependence of the Stokes parameter ¢, (the de-
gree of linear polarization) on the magnetic field has
been studied at the frequencies of the first, second, and
third peaks in the spectrum in Fig. 21. The corre-
sponding experimental data are shown in Fig. 22,

Shown in the same figure are theoretical curves plotted
from the equations derived in Ref. 33 for cascade tran-
sitions**:

E.\i])(”]—"—‘—l—t‘n 0y,

[+dwitg *°
s g §—Awin T, 20
R ~mm&( ), (47
1 —4? (1,7, -+ 1,15+ T,14)
@ _ (A SFAVRES RL¥-] 23 2 .
§Vi) =g Therty (1 degtd) (1T 4eit) &

here 7,, T,, and 7, are the effective times at which
electrons leave the states with the energies ¢,, ¢,
-fkw,,, and g, - 2k wy,, respectively, as the result of
any energy-relaxation process. In Fig. 22 the theoreti-
cal curves correspond to the times

T =0740"1 5, 1,=08-10"15, 1, =1.10"Vs.

The time 7, corresponds to the time at which electrons
leave the point at which they are produced {£,=0.38 eV);
T, corresponds to the time at which electrons leave the
point £, —Aw,, and 7, corresponds to the time at which
electrons leave the point £, - 27w;,=0.31 eV. The dif-
ference between 7, and 7, (as we will see below) results
from the additional contribution of intervalley transi-
tions to the energy relaxation from the state with ener-
gy &o-

The GaAs conduction band contains, in addition to its
central I' minimum, some side minima, at the points
L and X of the Brillouin zone. According to the pres-
ent understanding, the lowest of these side minima are
the L minima (valleys), which lie A€, = 0.31 eV above
the central minimum (Sec. 11). Since the electrons
in the experiment under discussion here have an energy
£,=0.38 eV at their point of production, i.e., since they

WEquations (14) are completely analogous to the equations
which describe the Hanle curves for cascade transitions in
atoms.
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FIG. 22. Depolarization of the hot-carrier photoluminescence
in a magnetic field.® a, 2, 3—Measurements at peaks 1, 2,
and 3 in spectrum I in Fig. 21 (excitation energy of 1. 96 eV);
symbols—experimental results. The sample is the same as
in Fig. 21, Solid curves—approximation of the experimemntal
results by Egs. (47).

lie above the bottom of the L valleys, they may be scat-
tered not only in events which leave them in the central
minimum but also in events which cause them to move
to one of the L valleys, emitting an “intervalley” pho-
non with g~ 7/a in the process. The probability for the
scattering of an electron from the point of production
can thus be written

=t -t =1
T4 =Tgpgt TrL,

\48)

where ;. is the probability for the emission of a long-
wave LO phonon, and 77, is the probability for scatter-
ing into the L valleys, accompanied by emission of a
short-wave phonon. For a determination of 7, the
electron lifetime was measured at the point of produc-
tion for conditions such that transitions to the L valleys
are impossible, i.e., for £,<AEp;,. With this aim in
view, measurements of £;(H) were carried out during
excitation by the line of a Kr* laser with fw,=1.83 eV
(,=0.26 eV) (Fig. 23). The result is 7,=7,,=(1.0
+0,05): 1072 g,

This value can be compared with the calculated value.
For GaAs at T=0 K and £=0.3 eV, we have 7,4
=2'10""% 5, and this value depends only slightly on the

Y, =1.95 eV

FIG. 23. Depolarization of the hot-carrier photoluminescence
in a magnetic field at excitation energies of 1. 96 eV and 1.83
eV (Refs. 33 and 34). The measurements were taken at the
peaks 1 on spectra I and 11 in Fig. 21; the sample is the same
as that in Fig. 21.

Zakharchenya et a/. 159



energy.*® When the deviation from a parabolic conduc-

tion band is taken into account in the calculations, the
value for 7,0 turns out to be slightly (15-20%) small-
er.¥** Comparison of the value 7,,=1"10""% g with the
lifetime 7, =(0.7 £0.05)* 10™'* s measured during excita-
tion with a He-Ne laser (£,=0.38 eV) with the help of
Eq. {48) yields the intervalley-scattering time 7o, re-
ferred to the value £=0,38 eV: 710, =(2.520.8):1071% s,
This value corresponds to the interaction constant™ Dy,

=0.8:10° eV/cm for scattering from the I’ minimum
into the L valley.

11. EXCITATION THROUGH A SIDE VALLEY

The HEP spectra which we have been discussing were
locked in frequency with the exciting line. For exam-
ple, a shift of Fw,, from 1.96 eV to 1.83 eV in Fig. 21
and then to 1.65 eV shifted the entire system of oscilla-
tions in a corresponding way. A different picture is ob-
served when the excitation energy lies in the range 2.4
- 2.8 eV, ie., when the electrons in the conduction
band are produced with a significantly higher ener-
gy.%*3%% Tn this case the HEP is very faint near the
excitation line. At the same time we observe a much
more intense luminescence with a high-frequency edge
near 1.8 eV and with a spectrum which does not depend
on the excitation energy #w,, in the range specified
(Fig. 24). Identical spectra were found with excitation
by the lines of an Ar* laser (2.41 and 2.54 eV) and a
He—_C4d laser (2.81 eV). The initial electron energies
€, corresponding to these values of #w,, are 0.75, 0.85,
and 1.07 eV (we mean average values here, with allow-
ance for the ripple, of the energy g, of the electrons
excited from the heavy-hole subband). In the spe‘ctré
of moderately doped samples, as during excitation by
the lines of He-Ne and Kr* lasers, we observe oscilla-
tions with a period of about 37 meV. An interpretation
of these results which was proposed in Refs. 34 and 39
is based on the existence in the GaAs conduction band
of side minima (valleys) in addition to the central T
minimum at the point k=0. These side valleys are the
points L (7/a,n/a,n/a) and X (21/4,0,0) in the Brillouin
zone. The bottoms of these side (L and X) valleys are
raised above the level of the edge of the conduction band
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FIG. 24, Photoluminescence spectrum Iiw) of a p-GaAs(Zn)
sample?® N,~Np=0.9°10"" cm™, T=1.6 K. 1—#w,=2.54
eV; 2—Hwg —2.41 eV; 3—dl/dw,. Shown in the inset at the
bottom left is the scheme for the transition L—~T'—A (to an
acceptor level).
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{the point I' {0, 0, 0)] by about 0.3 and 0.5 eV, respec-
tively.*® Since these energies are noticeably lower than
the values of €, cited above, and the state density in the
side bands is quite high,'®’ the photoexcited electrons
undergo a relatively rapid transition to these valleys.
Accordingly, with sufficiently high-frequency excita-
tion, the HEP intensity is also low near %w,,. Through
successive intervalley transitions, the photoexcited
electrons slide down to the bottom of the lowest side
valley (L); then, emitting an “intervalley” phonon with
q(n/a,n/a,n/a), they return to the central I’ minimum
of the conduction band (see the transition scheme in Fig.
24a). The L valley thus becomes a secondary source of
‘monoenergetic electrons. As before, the HEP results
from the recombination of electrons at the I' minimum
with holes at acceptor levels, and the oscillations in the
spectra result from the successive emission of LO pho-
nons in the course of the energy relaxation. The first
high-frequency maximum in the spectrum, at Fw=1.78
eV, is, in light of the assumptions above, due to the
recombination of electrons from the state at the I' min-
imum, which they reach after an L - I intervalley tran-
sition accompanied by the emission of an LO phonon
(Fw,, =29 meV) or an LA phonon (Fw,, =26 meV) with ¢
=(7/a) (1,1,1). These are precisely the types of tran-
sitions which are allowed by the selection rules in GaAs
crystals. The energies of the LO and LA phonons are
approximately equal, and the corresponding peaks in
the spectrum are accordingly not resolved. On the
high-frequency slope of the spectrum, however, we can
see a knee at about 1.8 eV; this knee is clearly visible
in the differential spectrum (curve 3 in Fig. 24). This
structural feature may be attributed to an L - I transi-
tion which is accompanied by the emission of a TA pho-
non (Kw,, =8 meV). Such a transition may be partially
allowed because the electron wave vector k at the I’
valley is not small after an intervalley transition (%
=10" em™). The position of the L valley with respect to
that of the I' valley is found from the positions of the
peaks on curve 3 in Fig. 24 to be 310+ 10 meV. This
result agrees well with results obtained by other meth-
ods: 330140 meV (Ref. 57), 310 meV (Ref. 58), and
297 +10 meV (Ref. 59). The high-frequency tail in the
spectrum is possibly a consequence of some energy
spread of the electrons coming from the L valley,
caused by the accumulation near the bottom of the L
valley of electrons with energies below the energy of an
optical phonon. In the case of excitation through a side
valley, the emission turns out to be unpolarized if the
pump is linearly polarized. (This is a natural result,
since the initial anisotropy of the electron distribution
is lost upon intervalley transitions.)

This effect gives us a method for directly measuring
the energy difference AE between the bottom of the con-
duction band and the bottom of the lowest-lying side
valley in the case of a direct-gap semiconductor. In
Ref. 39, for example, the value AE=210+10 meV was
found for the mixed crystal Ga,  Al, ,As.

15)E stimates in Ref. 43 put the state-density masses in the L
and X valleys at 0.56m, and 0. 85m, respectively.
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A photoluminescence spectrum in p-GaAs identical to
that shown in Fig. 24 was recently described by Olego
and Cardona.” Their interpretation is completely dif-
ferent from that offered above: They attribute this
spectrum to photoluminescence in a band which arises
upon transitions from the conduction band to the split-
off subband (a band at E, + A; see Sec. 13) and pho-
non repetitions of this band. We do not find their inter-
pretation convincing. The photoluminescence spectrum
in the region E_+ A in n-GaAs crystals, which has been
studied over a broad concentration range, consists of a
single band at about 1.85 eV with a rather sharp low-
frequency threshold.*? We find it difficult to accept that
it would be in p-type crystals that phonon repetitions of
the E_+ 4 band should arise. Furthermore, in the mod-
el proposed by Olego and Cardona* we would expect a
quadratic dependence of the luminescence on the exci-
tation intensity (the recombination of photoexcited elec-
trons with photoexcited holes). Experimentally, how-
ever, a linear dependence is observed'®’ for the spec-
trum in Fig., 24.

12. RECONSTRUCTION OF THE HOT-ELECTRON
ENERGY DISTRIBUTION FROM THE HEP SPECTRUM

The energy distribution of the free carriers, f(t),
can be reconstructed from the spectrum of the band -
impurity radiative recombination, provided that the
probability for the corresponding transition is known.
This probability is proportional to the square of the
modulus of the carrier wave function at the center in
the momentum representation, &p). For a hydrogen-
like center with an isotropic effective mass we would
have

O (p) ~ 7o -
pZ

2= Tngen (49)
where £, is the binding energy of the center, and m, is
the effective mass. Equation (49) does give the corre-
sponding transition probability in this very simple
case.’ For a shallow acceptor associated with a de-
generate band, Eq. (49) would presumably also
give a reasonable approximation, but it is not clear
just what mass should be used in it. Since the wave
functions of holes at acceptors consist primarily of the
wave functions of the heavy-hole subband at sufficiently
high quasimomenta (Sec. 7), m, was set equal to the
average mass of the heavy holes (0,6m,) in using Eq.
(49) in Ref. 39 to reconstruct f(€) from the HEP spec-
trum. The results of Ref. 39 were recalculated in Ref.
45 with the function &(p) found through a direct numer-
ical calculation by the method of Ref. 46. It turns out
that for electron energies £ >¢, the wave function &(p)
can be approximated well by (49) with m, = 0.66m, (it is
customary to assign €, the value 30 meV, which is the
ionization energy of Zn in GaAs). Hot electrons were
produced in Ref. 39 by the beam from an Ar* laser
(2.54 eV). According to Fig. 24, the high-frequency

18)3ee Fig. 30b in Section 13, where the dependence on the
pump intensity for the E_+ A band is approximately quadratic
even for lightly doped n-type samples.
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FIG. 25. Hot-electron distribution function found from an
analysis of the spectrum in Fig. 24 (Ref. 45). The inset shows
the increase in the distribution function near the energy fiwq.

edge of the HEP spectrum and, correspondingly, the
maximum electron energy (about 0.3 eV) are deter-
mined by the position of the L valley above the bottom
of the conduction band.

Figure 25 shows the results calculated for n(¢)
=7(e)g (e) from the data of Fig. 24 [ g(¢) is the state
density]. The oscillations on the curve of n(c) are, as
before, caused by the sequential emission of LO pho-
nons in the course of energy relaxation. We see that the
average value of n(¢) over the interval 100-300 meV
depends slightly on the energy. In this particular sam-
ple, scattering by optical phonons was _tﬂ:lently pre-
dominant, and the average value was®’ n(€)~ G7 (€,
where G is the pump intensity and 7,,,(€) is the emis-
sion time of the optical phonon. The weak dependence
n(€) in this energy range corresponds to a weak energy
dependence® 7,,0(€). At £€<37 meV the emission of op-
tical phonons becomes impossible, and n{€) correspond-
ingly increases sharply (Fig. 25a).

13. HOT-HOLE PHOTOLUMINESCENCE

Up to this point we have been dealing with the hot-
carrier photoluminescence caused in p-type samples
by the recombination of nonequilibrium hot electrons
with equilibrium holes, either free or localized at ac-
ceptor levels. In principle, we could invert the situa-
tion and examine the luminescence resulting from the
recombination of hot holes. In this section we will ex-

I arb. units
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FIG. 26. Photoluminescence spectrum of an n-GaAs sample.®
Solid curve—Np=3.4+10'7 cm™, T=82 K; dashed curve—
T=200 K; plus signs—degree of circular polarization ¢, at

82 K. Fflwe,=1.96 eV.
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amine some results found on the luminescence caused
in n-GaAs samples by the recombination of holes which
are nonequilibirum holes and, as we will see, hot (un-
thermalized). They appear in the I'; subband of the va-
lence band and recombine with electrons of the I'y con-
duction band.

The photoluminescence spectrum of n-GaAs crystals
contains, along with an intense edge-luminescence band
at about 1.51 eV, a significantly weaker band at about
1.85 eV (Fig. 26). It has been shown'®*+*? that this
band results from transitions between the conduction
band and the I'; split-off subband, i.e., from the re-
combination of photoproduced holes in the I'; band with
electrons from the conduction band. The position of
this band is determined by the sum of E_ (1.51 eV at 80
K) and A (0.34 eV; Ref. 50); the corresponding transi-
tion scheme is shown in Fig, 21.

The intengity of the band at E_+ 4 in Fig. 26 is five
orders of magnitude lower than that of the band at E_.
Since the probabilities for the excitation of electrons
from the I';, and I', subbands are identical in order of
magnitude, such a pronounced difference in intensity is
a consequence of a difference between the lifetimes of
the holes in the degenerate I'y band and the I, split-off
subband. In the latter case the lifetime, even in crys-
tals with a relatively heavy doping, is apparently de-
termined by I', - I', transitions, accompanied by the
emission of an optical phonon (Fig. 27), which occur
with a rather high probability. An estimate based on
the partial I';~I'; and I',~ I'; absorption coefficients,'®
the emission probabilities, and corrections for self-
absorption leads to the following ratio of band intensi-
ties®: :

I (£g) T
TEAD ~ %%

where 7 and 7, are the hole lifetimes in the I'; and T,
bands, respectively. The coefficient a depends on the
particular form of the hole distribution function f(e,),
having a value of approximately 30 for the function
f{&y) shown in Fig. 29. Adopting I(E,)/I(E_ +a)=10°
and 7=10"° g (this is a typical value for a moderately
doped sample) for an estimate, we find 7,=3'107"3 s,
The results of a direct measurement of 7, will be re-
ported below.

Figure 28 shows the photoluminescence spectrum in
the vicinity of the £, +A band for one of some compar-

FIG. 27. Transitions scheme for excitation of radiative re-
combination between the conduction band I'; and the split-off
subband T';. Upward arrow-—excitation; downward arrow—

recombination with an energy E, +A; oblique arrows—hole
transitions accompanied by the emission of an optical phonon.
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FIG. 28. Photoluminescence spectrum of an n-GaAs sample
in the region E,+A (Ref. 42). Np=7.6-10" cm™, T=100 K.
Solid curve—experimental; dashed—theoretical, for direct
interband transitions.

atively lightly doped n-GaAs samples. Shown along
with the experimental spectrum is a theoretical spec-
trum calculated for direct interband I';~ I';, transi-
tions.!”’ In the calculation, the electron distribution
function was assumed to be an equilibrium (Fermi)
function, while the hole distribution function was as-
sumed to be a Boltzmann function, f,(e,)~ exp(—-€,/2T).
We see from the figure that the peaks of the theoretical
and experimental curves coincide well. The tendency
for the spectrum to stretch out on the low-frequency
side is customary for doped crystals {(because of the
formation of tails on the state densities in the band gap
and transitions involving impurity levels). The dis-
crepancy between the theoretical and experimental
spectra at high frequencies is probably due to the non-
equilibrium nature of the distribution function of the
holes participating in the radiative recombination. Fig-
ure 29 shows the hole energy distribution f,(£,) found
from an analysis of the experimental luminescence
spectrum in Fig. 28. We can see that the function f(c,)
increases with the energy. This tendency of f,(€,) is
explained on the basis that in the course of the energy
relaxation of the holes there is some “leakage” of holes
due to transitions between subbands of the valence band,
so that a significant fraction of the photoproduced holes
do not manage to reach the top of the valence band.
Zakharchenya et al.*? have derived the following ex-
pression for the hole distribution function at €,> £T for
this particular case under the assumption of a quasi-
elastic scattering mechanism:

L

xp(42). 0

fn(en) ~—
-
€n

where v is the exponent in the energy dependence of the
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FIG. 29. Hole energy distribution function found from an
analysis of the spectrum in Fig. 28 (Ref. 42).

1Dzakharchenya et al.* bave shown that the band observed at
E.+ A at liquid~nitrogen temperatures cannot be explained on
the basis of donor-band transitions and is instead a conse-~
quence of Ty~ T'; interband transitions.
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intraband relaxation time (7.~ 7). It can be seen from
(50) that the behavior of f, is substantially determined
by the relationship between 7, and 7,. In the case in
which the holes lose energy in the I', band in collisions
with free electrons,'® we can set 7.~ n™¢,*/?, where n
is the concentration of free electrons. We then have

fu (en) ~ exp (an™tei®), (51)

where a is a coefficient which is independent of the en-
ergy. With increasing n, the rate of the intraband en-
ergy relaxation of the holes increases, and at a suffi-
ciently high value of » the function f, becomes a weak
function of the energy according to (51), in agreement
with the behavior observed in Ref. 42. In lightly doped
samples, as long as the time 7, for holes with an energy
&,~ kT is long in comparison with 7,, the function f,(f,)
will have no Maxwellian region, even at very low ener-
gies.

A “leakage” of the holes in the course of their energy
relaxation in the I'; band can also explain the strong de-
pendence of the intensity of the band at £, +A on the ex-
citation energy fw,, (and thus on the initial hole energy,
), Ref. 51). As Aw,, is increased from 1.96 to 2.33 eV,
for example (this increase corresponds to an increase
in &) from 35 to 200 meV), the intensity at the peak of
the E_+ A band decreases by a factor of about five.

The luminescence intensity in the E_+ A band turns
out to be linear in the excitation intensity in moderately
and lightly doped crystals; i.e., it corresponds to the
recombination of photoproduced holes with equilibrium
electrons. If, however, the concentration of the equi-
librium electrons (in lightly doped crystals) is compar-
able to the photoelectron concentration, then the lumi-
nescence intensity increases more rapidly with the
pumping (compare the data for the two samples in Fig.
30).

The short value of 7, makes the luminescence in the
E_+ A band very convenient for observing optical orien-
tation of free holes. As a rule, experiments on the op-
tical orientation of free carriers in semiconductors
have dealt with only the spin orientation of the free
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FIG. 30. Dependence of the luminescence intensity in the band

Eg+ A on the excitation intensity for two doping levels (a and b),

18)For excitation by a He-Ne laser (1.96 eV) the hole energy
at the time of production in the I'; band is of the order of
30-35 meV, i.e., smaller than the energy of the optical
phonon. In this case we may therefore ignore energy relaxa-
tion accompanied by emission of optical phonons.
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FIG. 31. Depolarization of the photoluminescence in the band
Eg+A ina transverse magnetic field.® n~GaAs sample
(Np=1.4-10'® em™). Points-—experimental; curve—theoreti-
cal, with a lifetime 1.3:107" s,

electrons—not the holes in the valence band.'* The
reason lies in the rapid spin relaxation of the holes in
the I'y band, which is degenerate at k=0. In this case
the spin relaxation time of the holes, 7,, is comparable
to the momentum relaxation time 7, and much shorter
than the hole lifetime. For this reason, the degree of
optical orientation of the holes, which is proportional to
the quantity 7,(r,+7,)" is small.'®’

There is a different situation in the simple (nondegen-
erate) I'; band. Here the spin relaxation time 7, is not
rigidly tied to the value of 7, and may be significantly
longer than the latter; the lifetime 7,, as noted earlier,
is determined by the relatively high probability for T,
- I’y transitions. Consequently, the holes produced
near the edge of the I', band do not have time, during
the lifetime 7, to lose their initial spin orientation,
created upon photoexcitation by circularly polarized
light. If the spin relaxation is ignored, then the degree
of circular polarization of the luminescence, £,, for Iy
- I', transitions is equal to the degree of spin orienta-
tion of the holes, Ps,. The theoretical value of Ps; upon
excitation by circularly polarized light with an energy
Fw,=E_+4 is equal to unity'®*®; for Fw,=1.96 eV, we
have Pg,=0.99 (Ref. 49). The large values of £, in the
E_+4 band (of the order of 0.8-0.9) are in fact observed
upon excitation by circularly polarized light with hw,,
=1.96 eV (Refs. 42 and 49). This means that the life-
time of the nonequilibrium holes in the I', band is sig-
nificantly shorter than their spin relaxation time.

The large values of £, have made it a simpler matter
to design an experiment for a direct determination of
7, (Ref. 53). The lifetime 7, has been determined by ex-
ploiting the depolarization of the luminescence in a
transverse magnetic field upon excitation by circularly
polarized light. We know that this effect is caused by
the precession of the magnetic moments (in this case,
the magnetic moments of holes) around the magnetic
field direction. Figure 31 shows the dependence &,(H).
Over this particular range of magnetic fields, the ex-
perimental data in Fig. 31 can be described satisfactor-

9The optical orientation of the holes in the I’; band is intensi-
fied substantially upon a deformation which lifts the degen-
eracy of the light- and heavy-hole subbands, with the result
that the spin relaxation is retarded. At a load of 3 kgf/mm?,
the degree of circular polarization of the recombination lu-
minescence caused in GaAs by the spin orientation of holes
reaches 10% (Ref. 52).
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ily by the Lorentz formula

2 ~d+arro,

where T is the spin lifetime (T™ =7, + 7,™); wp=gugh/
i, where uy is the Bohr magneton; and g is the g-fac-
tor, set equal to four in accordance with the results of
Refs. 50 and 54. The solid curve in Fig. 31 corresponds
to 7'=1.3-10"% s, Ignoring 7;' in comparison with 7;* on
the basis-of the above discussion, we may identify T as
the hole lifetime at the top of the split-off subband.?’

The value found for 7, was compared in Ref. 53 with
~a value calculated there for 7,5, the time for the emis-
sion of an optical phonon in the I, transition. The cor-
responding expression under the condition A — 3% wq

> m, Myd is

:p = %annmw I/(A/_ii;"%h%ﬁ): (52)
where a,, is the constant of the interaction of heavy
holes with optical phonons of frequency w.g, and My
and m,, are the effective masses in the heavy-hole sub-
band and in the spin-split-off band, respectively. Ex-
pression (52) corresponds to hole transitions from I,
to the light-hole subband (transitions to the heavy-hole
subband from a state with k=0 are forbidden by the se-
lection rules), and the circumstance that the interaction
constant a,, appears in (52) is a result of a pronounced
deviation of the light-hole subband from a parabolic
shape near energies of order A. For GaAs, Eq. (52)
yields 7,,,=1.1-10"" 5. The condition written above
for the applicability of (52) in GaAs is satisfied poorly.
However, an exact expression derived for Tppo Without
any assumptions regarding the relationship between
masses leads to the value 7,,,=2'10"% s, which is not
greatly different. Comparison of the theoretical and
experimental results for 7, and 7, and estimates of
the probabilities for other scattering channels show that
the hole lifetime 7, in this situation is in fact deter-
mined primarily by the probability for the emission of
longitudinal optical phonons in transitions between the
subbands of the valence band.

In lightly doped p-GaAs crystals (N, <10 cm™), as
long as the hot-electron photoluminescence (described
in the preceding sections) is faint, the band E,+4 is
also observed at 1.85 eV (Ref. 9). In this case, this
band is caused by a recombination of photoexcited elec-
trons and of photoexcited holes, and it also exhibits a
pronounced circular polarization. A band near 1.78 eV
was recently observed (at 80 K) in Ref. 56 in the photo-
luminescence spectrum of heavily doped p-GaAs crys-
tals (at concentrations N, in the range 10'"-10% c¢m™).
Olego and Cardona®® also attributed this band to E +a
transitions. They attributed the 70-meV frequency
shift from the position of the band in n-type samples to
an effect of the dopant (Zn) on the value of A in GaAs.

200The measured value of 7, is two orders of magnitude smaller
than the value which was adopted as an a priori assumption in
Ref. 55 in an evaluation of the efficiency of Auger processes
in GaAs.
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This interpretation, does not, however, explain why
this shift does not depend on N,.

The recombination luminescence which arises in the
E, +a band in GaSb and GaAs crystals as a result of
Auger processes was studied in Ref. 55. Holes were
scattered into the I', band from the I'y band by the en-
ergy E, liberated upon the recombination I'y—~TI",. This
process naturally occurs more efficiently in GaAs,
where Eg= A

74. CONCLUSION

It is fair to say that the basic behavior of hot-carrier
photoluminescence in GaAs crystals has now been es-
tablished. In other crystals, however, there may be
some important differences, stemming from the sym-
metry, the band structure, the nature of the impurity
centers, etc. Incidentally, even in GaAs all that has
been studied up to this point in addition to the interband
recombination luminescence is the hot-carrier photo-
luminescence which involves transitions to shallow ac-
ceptors. The role played by the surface in hot-carrier
photoluminescence has not been revealed. The surface
may prove to be quite important, since the hot elec-
trons undergo their energy relaxation at only a small
depth in the crystal.

A remarkable property of the hot-carrier photolumi-
nescence is the relationship between its characteristics
and the hot-electron relaxation kinetics. Because of
this relationship, it becomes possible to directly deter-
mine the energy relaxation times and the hot-electron
distribution functions in a variety of situations. We
should expect further research developments along this
line.

The optical momentum alignment of electrons by po-
larized light which was discovered in the course of re-
search on hot-carrier photoluminescence may un-
doubtedly be reflected in other phenomena. An example
might be the polarization photogalvanic effect which was
recently discovered in GaAs crystals.®

APPENDIX. ROLE OF ELASTIC AND INELASTIC
COLLISIONS IN THE DEPOLARIZATION OF HOT-
CARRIER PHOTOLUMINESCENCE

Let us examine a simplified model in which there are
collisions of two types:

1) Absolutely elastic collisions, characterized by the
time £, (this is the relaxation time for the anisotropy
described by the second Legendre polynomial).

2. Inelastic collisions, which cause the electron to
“slide down” the energy steps ¢,,€,=€, — b€, €,=¢,-b¢,
etc. We denote by v a unit vector along the electron
momentum direction, and we introduce n,(v), the dis-
tribution of electrons in the momentum direction at the
k-th step. We set n,(v) =a,+b,P,{cosd), where 3 is the
angle which the momentum makes with some direction
which we have singled out (with the polarization vector
of the exciting light). For the coefficients g, and b, we
can write the simple balance equations
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here 7, is the total time required for an electron to
leave the k-th step, and 7,., is the time required to
leave the (¥ - 1)-th step as a result of a transition to
the k-th step. If there are no other exit processes
(e.g., an exit to a different valley), then r,=7,. We ig-
nore transitions upward along the energy scale. In the
second equation in (Al), 1 -7, is the relative change in
the anisotropy of the distribution described by the sec-
ond Legendre polynomial in a transition from the (&
—~1)-th step to the k-th step:

{ Wiy, n (9) P, (cos ®) sin 9 48

P = [ Wir. 1 (0)sin 0 40 )

where W,_, (9) is the probability for a transition from
the state vy at the (& — 1)-th step to the state v’ at the k-
th step. If we introduce the anisotropy parameter a,
=b,/a,, we find from (A1)

Ip2
ap = m Vh-10k-1e (Az)

This equation can also be applied to the first step, if
we use ¥,=1 and take g, to be the anisotropy parameter
at the time of photoexcitation; i.e., a, = ag, (1 +1,,)™.
Since the initial degree of polarization found experi-
mentally is approximately equal to the theoretical val-
ue, we have &, = ¢, and thus {,> 7,; iLe., the absolute-
ly elastic collisions are inconsequential in the cases
which have been studied.

If the primary mechanism for the energy relaxation
is the emission of longitudinal optical phonons, then we
have ¥,.,=1/1.6, as mentioned earlier, and this quan-
tity is essentially independent of the energy (i.e., inde-
pendent of ). The measured ratio @,/ a,., is approxi-
mately equal to this value, which also indicates that the
condition £_,> 7, holds under the experimental condi-
tions (7, in this case is the scale time for the emission
of a single optical phonon).

In crystals which are doped relatively heavily, and
for which the spectrum of the hot-carrier photolumi-
nescence is structureless, energy relaxation occurs
upon the excitation or ionization of an acceptor, or it
occurs with free holes. Again in this case, the mea-
surements of the initial polarization reveal o, = «,,
i.e., t,;> 7. This result may be explained on the basis
that the scattering of the fast electrons is through
small angles. Under these conditions we should have
1-v,<1,¢,> 7, (provided only that the concentration
of charged centers does not exceed the concentration of
acceptors or of free holes by too large a margin).

In this case, Eq. (A2) can be converted into a differ-
ential equation,
(A3)

da 1,

22
de ~ etp,

if we set 7,=7,£/0c and

1
Tp2

1 1
:,p—z-Hi‘Yh-x) T
Equation (A3) gives the result in (29).

We turn now to the depolarization of the hot-carrier
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photoluminescence in a magnetic field. Calculations
similar to those of Ref. 33 lead to the dependence

n

Ot () =01n (0) Re |[ (1+2i0cT0) ™, (A4)

e
h=1

where p,, is the degree of linear polarization of the
emission which appears upon the recombination of elec-
trons of the n-th step with equilibrium holes, and T, is
the duration of the momentum alignment at the £-th
step, given by

1 1

S B
Th e
With k=1, 2,3,Eq. (A4) leads to Eqs. {(47), in which

T, should be replaced by the times T,. If {,,>7,, how-
ever, the times 7, and T, are essentially the same, At
large values of % and at £,,> 7,, this equation leads to
(35), if we make use of the following equality, which
holds under the condition w 7, <<1:

n n
[} d+2iectm-t=exp(—2iwc > ).
=1 =}
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