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The dependence of the absorption coefficient in the exciton—phonon spectrum of semiconductors on the
intensity of the incident monochromatic radiation is analyzed theoretically. Two possible absorption
saturation mechanisms are considered. One, which may be termed an integral mechanism, occurs with
conservation of the nonequilibrium exciton distribution in the band and when the intraband relaxation is
more rapid than the departure of excitons from the band. The second, so-called differential saturation
mechanisms, is characterized by a nonequilibrium distribution of excitons in the band and takes place if
the rate of exciton departure from any point of the band is greater than the rate of intraband relaxation.
A Q-switched ruby laser was used to study the nonlinear absorption in the exciton~-phonon spectrum of
CdSe single crystals at 80-120°K. The integral saturation mechanism is found to occur. The mean ex-

citon lifetimes in the band are found; in the indicated temperature range they vary between 10~% and

3 x107° sec.

THE possibility of saturating the absorption of incident
radiation in the exciton-phonon spectrum of semicon-
ductors (indirect optical transitions) was indicated in
an earlier paper,'*) where theoretical estimates were
presented for this phenomenon and the connection be-
tween it and possible parametric generation of excitons
and phonons in the semiconductor was established. The
present paper is devoted to observation of saturation in
the region of the exciton—phonon absorption spectrum
in CdSe crystals.”

1. THEORY OF ABSORPTION SATURATION IN
EXCITON~PHONON SPECTRA OF
SEMICONDUCTORS

1. Before we proceed to describe the experiment, we
present a detailed theoretical analysis of the effect of
saturation in indirect exciton—phonon transitions in
semiconductors.

We shall deal henceforth with the dependence of the
absorption coefficient on the power flux incident on the
crystal. The absorption takes place in a section of the
exciton—phonon spectrum, characterized by the conser-
vation laws

he = Eg— G + & (k) — hQ(—k), (1)
where w is the radiation frequency, Eg the width of

the forbidden band, G the exciton binding energy, & the
frequency of the optical phonon, and ¢ (k) for an exciton
band with an extremum at k = 0 is equal to

& (k) = n°k*/ 2m. 2)
Here hk is the quasimomentum of the exciton, and

m = me + my is the exciton mass. The change of the
number of excitons n(k) and phonons v(k) per unit time

D Nonlinear absorption was observed earlier in spectra of mixed
CdSy.1Seq crystals dissolved in a glass matrix (type KS-19 glass) [%3].
Such objects have an imperfect polycrystalline structure, in which there
are no exciton spectra, and therefore the saturation of the absorption
in them has a nature which apparently is not connected with excitons.

(and per unit volume) under the influence of the incident
flux of radiation P (power through a unit area) and the
relaxation processes can be written in the form

n(k) = I[n(k)] — w(k, ©)P(0)[nk) —v(—k)] —ye(k)n(k), (3)
vik) = —ypu(k) [v(k) —vo] + w(k, ©)P(0)[n(k) —v(=k)]. (4)

Here I[n(k)] is the collision integral, which takes into
account the intraband transitions, particularly the colli-
sions between the exciton and the acoustic phonons,
vex(K) is the reciprocal lifetime of an exciton with mo-
mentum 1k in the exciton band, yyph(k) the reciprocal
lifetime of the phonon, v, the equilibrium number of
phonons, and w(k, w) a function characterizing the prob-
ability of the transitions under the influence of the ra-
diation. It is easy to show that the function w(k, w) is
connected with the absorption coefficient o in the fol-
lowing manner:

a=ﬁw2w(k,m)(v—n). (5)
X

In a weak field, when the number of excited excitons
can be assumed equal to zero, the absorption coeffi-
cient does not depend on P and is equal to

a0 = hov Zw(.k, o). (6)

k

We shall henceforth neglect the dispersion—the k-
dependence of the quantities pertaining to the optical
phonon of frequency §. In addition, we shall use the
approximation of spherically-symmetrical bands. In
this case w depends on the absolute value |k| =k and,
recognizing that w is proportional to the probability
per unit time, we can represent in the form
v 1. 2 —1
w(k, 0)= A (k) T%{[b_ﬂ_%if(’_‘)_ Q— w] + 02}

~A(k)O[Eg — G + & (k) — hQ — ho], (7)

where o is equal to the sum of the line widths of the

exciton & (k) and of the phonon €. The quantity A(k)
can be expressed in terms of the effective dipole mo-
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ment D(k) with the aid of the relation
4r?
A (k)= ——D2(k). (8)

Going over in (6) from summation with respect to k
to integration with respect to the energy (2), and using
(7), we obtain

mY&ov
Qo= ( —_
V2n2h2
and for the dipole moment
13,
D (&)= ——% 9)
2vmkY & ov

2. To determine the dependence of the absorption
coefficient on the power flux P, it is necessary to find
the dependence of the quantity (n —v) on P. We then
obtain with the aid of (5) the dependence of @ on P. The
dependence of (n —v) on P can be determined from
Egs. (3) and (4). We shall further consider the station-
ary case 1 = v = 0. This means that we assume the ac-
tion of the light source (laser) to be sufficiently long
compared with all the characteristic relaxation times.
In solving Egs. (3) and (4), we use averaging over the
angles and consider two limiting cases:

a) the intraband relaxation described by the term
I(n) is faster than the departure of the excitons from the
band

(10)

b) the intraband relaxation is slower than the depar-
ture from the bang, i.e.,

[1(1)| 5 Youn,

(11)

We consider first the case (a) (condition (10)). To be
specific, we take into account the relaxation inside the
exciton band (near its center) due to the collisions be-
tween the excitons and the acoustic phonons. From the
conservation laws it follows that the exciton momentum
can change appreciably in direction in each individual
act of collision with the phonon, but the change of the
exciton energy (in a sufficiently wide interval of ener-
gies & (k) is smaller if (&ms®'/? << kT, where s is
the speed of sound (almost elastic collision). This
means that the exciton energy relaxation (the so-called
thermalization of the excitons) is much slower than the
momentum relaxation. Thus, if 7( &) is the average
lifetime in a state with wave vector k( &), then the
average exciton energy relaxation time in an interval
of the order of kT is (see for example, [*7)®

[1(n) | < yewn.

kT
T (E) =5 (&)

ms2

(12)

We assume further that the second term on the right
side of (3) is small compared with the first. It is easy
to show that this means that

|E|2|D|2hz% | kT < 1, (13)

where |E| is the modulus of the electric-field vector.
At the same time, condition (10) can be rewritten in the
form

1/% > Vex (14)

BThe cited literature considers electron relaxation processes but it
is easy to see that the entire reasoning can be used without change for
excitons.
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Under these conditions it can be assumed that the exci-
tons are in quasiequilibrium in the band with

n = C exp (—& /T). The constant C, and by the same
token the absorption coefficient (from (5)), can be deter-
mined from

Zw(k, m)P(v*n):ZvM(k)n(k), (15)
-

k

which is obtained in the stationary case as a result of
summation of (3), with % I[n(k)] =0, since the total

number of excitons is conserved in intraband collision
processes. As a result we obtain

a=ao/ (1 fP), (16)
where
—&o/kT
fi= o exp\Eﬁmro/ ] . (17)
Here &, is the value of & determined from the con-
servation law (1) and
& (k)
M= Zexp[— T ]ygx(k). (18)
k

We now proceed to consider case (b) (condition (11)).
We note immediately that the condition (11) for intra-
band relaxation due to collisions with acoustic phonons
takes the form

(19)

In this case the system (13)—(14) under stationary con-
ditions can be written in the form

T < Yex.

(WP + Yex)n = wPv,  (vpn + wP)v — wPn = ypnvo.

Solving these equations, we obtain

—1
v_n=V0(1+__—wp(th+'Yex) ) .
YphYex

(20)

Substituting this expression and (7) in (5), we obtain
1 V1 + P
et} 40 |2 (Pl Y e Eo
1
VIFRP
Approximating the expression in the square brackets by
a 6-function, we obtain

a=a/V1+fP,

X

(21)

where® ~
PR I (22)
mr@vy & YpaYex

Thus, there are two possible saturation mechanisms
in the exciton-phonon spectrum. In the first mechanism,
described by formulas (16) and (17), the saturation oc-
curs with the quasiequilibrium of the excitons in the
band conserved, and is determined by the balance be-
tween the influx of electrons into the band, due to radia-
tion, and the departure from all the points of the band.
This departure is characterized by the averaged proba-
bility (18) and therefore does not depend on the exciton

3 A factor of the form (yex + Yph)/c has been omitted from (22),
since 0 = yph + 7Yex if Lorentz contours are assumed for the exciton and
phonon lines.
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wave vector. We shall henceforth call this the integral
saturation mechanism. It can come into play if the re-
laxation of the electrons inside the band is faster than
their departure from the band. This mechanism corre-
sponds in radio spectroscopy to saturation in a homo-
geneously broadened line. The entire exciton band en-
ters here as a single level, with a broadening charac-
terized by T.

The other mechanism, described by formula (21) and
(22), is determined by the balance between the influx of
excitons due to radiation and the departure of excitons
from a given point of the band under the assumption that
this departure is faster than the establishment of quasi-
equilibrium in the band (condition (19)). The saturation
parameter f, in this mechanism is determined by the
quantity yex(k), which characterizes the departure
from the given point of the band. We shall call this the
differential mechanism. It corresponds in radio spec-
troscopy to saturation in an inhomogeneously broadened
line.

It is of interest to estimate the possibility of satura-
tion in either case in terms of the matrix element of
the indirect transition D and the relaxation times. It is
easy to obtain the saturation condition (when condition
(13) is fulfilled) in the form

DJ2|E|?

Gra )

1, T<Ve!
for the integral mechanism (where Yoy is the average
value of vgx(k)) and
IDIIE|®
7®ex (k) Ypn

for the differential mechanism. In both cases it is as-
sumed that

(24)

Yph = Yex.

We see that the condition of integral saturation (23)
is more stringent if kT /h >> Yph, Which is usually the

case for temperatures on the order of 100°K. On the
other hand, however, for differential saturation to be
possible it is necessary that no quasiequilibrium in the
band be established as a result of the intraband proc-
esses; in concrete situations this may not be the case,
We note also that in the differential saturation mecha-
nism, a non-equilibrium distribution of the number of
excitons, described by expression (20), is established.
In concluding this section, we note that the most fa-
vorable objects of investigation of these phenomena,
from the point of view of experiment, are wurtzite semi-
conducting crystals of the II-VI group, in which exciton-
phonon transitions take place in the center of the Bril-
louin zone (near the T point) as a result of the interac-
tion of the excitons with the L0 phonons. The moments
of the exciton-phonon transitions in such crystals
greatly exceed the corresponding moments for crystals
in which ‘“oblique’’ exciton-phonon transitions takes
place, and therefore, in accordance with conditions (23)
and (24), absorption saturation sets in at much lower
values of the incident-radiation power flux. This differ-
ence is determined mainly by the fact that in second or-
der of perturbation theory the moment of the exciton-
phonon transition has the square of the energy denomi-
nator, containing the difference between the energies
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the intermediate (virtual) and final states of the exciton.
The ratio of the moments, with CdS crystals as an ex-
ample (the exciton phonon transitions are vertical, in
the center of the Brillouin zone) and Si (oblique exciton-
phonon transitions) is ~ 107,

As the experimental objects we chose hexagonal CdSe
crystals, being the most convenient because at suitable
crystal temperatures the ruby-laser radiation falls in
the region of the long-wave edge of the fundamental ab-
sorption.

2. EXPERIMENTAL PROCEDURE

1. We used CdSe single crystals grown by the Piper
method from the gas phase. We selected for the inves-
tigations the most perfect crystals from the point of
view of stoichiometric composition and minimum im-
purity contents, whose spectra contained no discrete
structure due to the bound exciton states (at T = 77.3°K
and above).

Plane-parallel plates 2—0.2 mm thick were cut from
the single-crystal blocks in such a way that the hexago-
nal ¢ axis was in the plane of the working face ((1010)
plane). To exclude henceforth the influence of the sur-
face layer, which is damaged by mechanical working,
the CdSe plates were chemically polished in a solution
7K,CrO, + 3H,SO, (layer dissolution rate ~ 5 i/ min).
The quality of the optical surfaces processed in this
manner was monitored against the reflection spectra in
the region of the discrete exciton structure, and also
against the edge absorption spectrum, and was com-
pared with the corresponding spectral properties of
natural surfaces (cleaved surfaces or natural growth
faces).

2. The spectral distribution of the absorption coef-
ficient (the linear absorption coefficient) was measured
in polarized light using a single-beam prism spectrom-
eter based on the ISP-51 spectrograph with a UF-90
camera. The spectral resolution in the working region
was not worse than 0.001 eV, The absorption coeffi-
cients a were calculated from the transmission curves
by means of a formula that takes into account multiple
reflections in the sample (this is significant in the re-
gion where al ~ 1):

1 [ (1—R)2

alen

(1—R)*
27 + (27T)2 +R2]’

where [ is the sample thickness, R the reflection co-
efficient, and T the optical density.

The samples were placed in a specially constructed
cryostat, in which provision was made for fastening
them without possible deformation during the course of
cooling. The temperature in the cryostat could change
in the interval 77-300°K and was monitored with ac-
curacy ~1°K.

3. The absorption saturation was measured with an
experimental setup whose block diagram is shown in
Fig. 1. The radiation source was a Q-switched ruby la-
ser (radiation power density ~20 MW/cmz, single-pulse
duration ~15-20 nsec). The Q-switch was a passive
shutter based on an alcohol solution of cryptocyanine.
The radiation of the laser was focused with a lens L on
a crystal placed in the cryostat. Part of the radiation
was diverted with the aid of a plane-parallel plate P to
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FIG. 1. Block diagram of experimental setup for the study of ab-
sorption saturation.

a power-calibrated photodetector Ph,, for the purpose
of monitoring the power and the duration of the light
pulse from the laser. The radiation from the crystal
was fed to photomultiplier Ph,, which was also power-
calibrated beforehand. The signal from the photomulti-
plier was fed through a delay line DL to a high-speed
pulsed oscilloscope S-11 simultaneously with the ref-
erence signal from Ph,. The oscilloscope operated in
the external-synchronization mode with the aid of a sig-
nal from the detector Ph,. The time constant of the en-
tire registration system was ~ 10 nsec.

The laser pulse directed to the crystal was attenu-
ated with a system of calibrated filters F,. By shifting
the filters F, from the input to the output of the crystal,
which maintained the total attenuation of the light going
to the photomultiplier Ph; constant, it was possible to
control the radiation power flux from the laser at the
input of the crystal.

The error in the distribution of the absolute values
of the powers did not exceed a factor of 2. The relative
measurements of the signals Po and P were made with
accuracy ~20%. In measurements of the powers of the
light signals at the input and output of the crystal, care
was taken to ensure linear operation of the photodetec-
tors Ph: and Phs. The radiation power density incident
on the crystal ranged from 10% to 5 x10” W/cm”. In this
range of power, the transmission of the CdSe crystals
changed appreciably (by almost three orders of magni-
tude). Therefore, in order to compensate for the strong
change of the transmission of the crystals, additional
calibrated filters F; were placed ahead of the photomul-
tiplier.

Figure 2 shows oscillograms illustrating the nonlin-
ear absorption of the CdSe crystals. On each of the os-
cillograms, the first pulse (upward from the sweep
line) is proportional to the power at the input of the
crystal, and the second is connected with the signal past
the crystal. At E Lc, the change of the transmission of

FIG. 2. Oscillograms of the process of absorption saturation for E L ¢:
a—Py250 W/em?, b — Py = 6.2 kW/cm?, ¢ — Py = 22.5 kW/cm?.
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CdSe is appreciable, and begins already at relatively
low powers. In the case of a polarization E Il ¢, the ab-
sorpt1on of CdSe changes insignificantly in the range 1-
10° kW/cm®. Nevertheless, the presence of a certain
decrease of absorption at very high powers (~1 MW/cm?
and above) is apparently connected with inaccurate ori-
entation of the crystal in the case of E Il c.

3. EXCITON PHONON ABSORPTION SPECTRUM
OF CdSe

In spite of the appreciable number of experimental
investigations devoted to the structure of the energy
bands of hexagonal CdSe crystals, and also to the char-
acter of the optical transitions between the extremal
points of the bands (see, for example, '°~°?), the nature
of the long-wave edge of the fundamental absorption of
these crystals is still unclear.

In an investigation of the edge of the intrinsic ab-
sorption spectrum, Konak, Dillinger, and Prosser' "}
pointed out the strong influence exerted on the form of
the CdSe spectrum by the impurity states located near
the nearest extremum of the conduction band. The auth-
ors of ['°7 were unable to separate the exciton absorp-
tion in which phonons take part. To be sure, in a later
investigation they noted singularities in the intrinsic-
reflection spectra, and attributed these singularities to
exciton-phonon transitions in band A, with emission of
L0 phonons.

The edge absorption spectrum of mixed CdSo,15€0.9
crystals dissolved 1n a glass matrix (type KS-19 glass)
was interpreted in 21 on the basis of the concept of
oblique electron-phonon transitions. It must be noted
here, however that the values of the phonon energies
obtamed in 2 v do not agree with the values obtained di-
rectly from the IR reflection spectra. In addition, the
values given in 21 for the width of the forbidden band
are too low.

At the same time, Segal’'?! called attention to the
fact that a common feature of the structure properties
of hexagonal semiconducting crystals of the II-VI
group is that the nearest extrema of the valence and
conduction bands lie at the point k = 0 (the I point). He
emphasized the appreciable role of the absorption proc-
esses as a result of exciton transitions with absorption
of LO phonons, which were previously observed in a
number of crystals of the II-VI group.® 13-15)

In connection with the foregoing, we deemed it advis-
able to perform detailed measurements of the form and
of the temperature dependence of the long-wave edge of
the intrinsic-absorption spectrum of CdSe crystals.

Figure 3 shows the spectral distribution of the ab-
sorption coefficient at low temperatures for a light po-
larization E Lc in terms of the coordinates Yo and
hw. The arrows on the lower right of this figure indi-
cate the positions, on an energy scale, of the lowest ex-
citon state (exciton band A, n = 1), determined from the
reflection spectra at the same temperatures. It is easy
to note the linear sections of the plots of v against
hw. Continuing the linear sections of the curves until
they cross the abscissa axis, we see that the points of
intersection are located 0.027+ 0.002 eV from the cor-
responding positions of the exciton peaks. Consequent-
ly, the intrinsic absorption sets in already in the spec-
trum section located at a distance 0.027 eV (the ‘‘red”
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FIG. 3. Spectral distribution of the absorption coefficient in the
exciton-phonon spectrum at temperatures 77, 112, 130, and 158°K.

boundary) from the region of the direct transitions to
the lowest exciton band A. We note that within the lim-
its of experimental errors, this value corresponds to
the energy of the LO phonon in the CdSe lattice.t'®! The
slope of the linear section of the curves of Fig. 3 de-
creases with decreasing temperature, in qualitative
agreement with the process of the ‘“freezing out’’ of the
phonons when the crystals are cooled. Thus, the re-
sults presented above offer evidence that the optical
phonons play an important role in the exciton absorp-
tion in CdSe crystals.

The theory of exciton absorption, with participation
of optical phonons as a result of vertical transitions in
the center of the Brillouin zone was developed in L135
21 9 The process of absorption of a photon hw with si-
multaneous absorption of an L0 phonon h2(k) and pro-
duction of an exciton &(—k) satisfies conservation laws
of the type (1).

The corresponding process of excitation of the exci-
tons in the case of intraband scattering is illustrated in
Fig. 4.

The matrix element of the exciton-phonon interaction
in the case of an interaction with optical phonons is pro-
portional to |k| for small k (we have in mind the scat-
tering of excitons in the center of the band without a
change of the internal quantum number). If the disper-
sion in the exciton band is quadratic, we obtain for the
absorption coefficient in the exciton-phonon spectrum a
distribution (in the second order of perturbation theory)
in the form

&k

e (25)

a = Qo
where & is the energy of the exciton in the band and v
is the occupation number of the LO phonon at k = 0 (we
neglect the phonon dispersion).

It was of interest to compare the experimentally ob-
served temperature and frequency dependences of the
absorption coefficients with the theoretical result (ex-
pression (25)). The results of such a comparison are
shown in Fig. 3, where the points correspond to the ex-
periment, and the solid curves are the result of an ap-
proximation with the aid of expression (25) at the ex-
perimental value of the parameter a, = 2 X 10°cm™%2,

“The first to consider the processes of absorption in vertical transi-
tions, with participation of optical phonons, was Dumke [!7], but he
considered the case of electron-phonon absorption.

ELECTRON-PHONON SPECTRUM OF CdSe 249
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FIG. 4. Energy diagram of the exciton-pho- h
non transition with absorption of LO phonon.
The scattering of the exciton takes place inside
the exciton band A.
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On the whole, the theoretical approximation (25) de-
scribes the temperature and spectral properties of the
absorption curve satisfactorily. Discrepancies are ob-
served in the region of the longest-wavelength boundary,
where the spectrum is somewhat smeared out, particu-
larly when the temperature is increased. An analogous
smearing of the edges of the exciton-phonon spectrum
was observed in crystals of Ge, Sif'*! and Cu,0,!**? and
is obviously connected with processes of exciton scat-
tering by acoustic phonons (the attenuation processes
are not taken into account in expression (25)). Nor is it
excluded that at higher temperatures (T ~ 300 °K) the
processes of absorption with participation of two or
more phonons become important, leading to a smearing
of the spectrum.

Thus, the long-wave edge of the intrinsic absorption
spectrum in CdSe single crystals can be interpreted as
the result of exciton transitions at the center of the
band, with participation of optical phonons. This result
is the consequence of the common structural properties
of hexagonal semiconducting crystals of the II-VI
group.

4, ABSORPTION SATURATION IN THE EXCITON-
PHONON SPECTRUM OF CdSe

Our aim was to investigate the dependence of the ex-
citon-phonon absorption on the power of monochromatic
radiation incident on the crystal, in different regions of
the exciton-phonon spectrum. Since we had at our dis-
posal a coherent source with stable frequency (hw
= 1.786 eV), we used for our task the temperature shift
of the edge spectrum of the intrinsic absorption.*

Measurements of the nonlinear absorption in the ex-
citon-phonon spectrum were made at T = 80~120°K,
corresponding to an energy shift ~0.012 eV in the exci-
ton band and to the range of wave vectors |k| from 2.3
x 10% to 7 x 10® cm™. The choice of the lower value of
the temperature is limited by the red boundary of the
exciton-phonon spectrum (at hw < E; -G+ & (k) —hQ,

the laser emission lies in the transparency region of
the CdSe crystals). At T ~ 120°K, the radiation falls
in the spectral region where direct transitions to the
exciton band A already appear, so that the approxima-
tion of the form of the spectrum with the aid of expres-
sion (25) becomes meaningless in this region.

$)The temperature shift of the exciton band A relative to the ground
state of the crystals in the temperature region ~ 80° is 9&/3T = 4.1 X
107 eV/deg (see also [°]). The temperature shift was monitored against
the location of the line A in the reflection spectrum.
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FIG. 5. Dependence of the optical density in the exciton-phonon
spectrum region on the radiation power flux (P, in W/cm?) at the input
to the crystal. The curves correspond to the following temperatures
(°K): VI - 129,V — 121, IV — 110, III — 104, I — 100, I — 80.

Figure 5 shows the dependence of the optical density
of the CdSe crystals on the radiation power incident on
the crystal, in coordinates log (P, /P) and log P,.

Each of the curves corresponds to exciton-phonon tran-
sitions to different sections of the exciton band (the val-
ue of & (k) increases with increasing number of the
curve). The upper limit of the power of the plots shown
in Fig. 5 is connected with the mechanical damazge to
the crystals, which sets in at P ~ 5x 10" W/ecm®. The
arrows along the ordinate axis indicate the limiting val-
ues of the optical densities at zero power P, = 0. At-
tention should be called to the fact that a noticeable de-
crease of the absorption sets in already at relatively
low values of the powers at the input (P ~ 10*W /cm?).
Practically complete saturation could be observed only
in the longest-wavelength part of the exciton-phonon
spectrum (E 1c, see curve I'in Fig. 5 in the upper right
corner). The absorption for the polarization E Il ¢
(“‘phonon’’ absorption) is practically independent of the
power. We note that working with a radiation power on
the order of 1 MW /cm® and above, local heating of the
crystal by as much as 1° or more can take place, and
this can affect the measured absorption. Therefore in
all the following discussions of the nonlinear properties
of the exciton-phonon absorption we use results ob-
tained at P, < 1 MW/cm®.

5. DISCUSSION OF RESULTS

It was of interest to consider analytically the change
of the optical density of the exciton-phonon spectrum as
a function of the radiation power P, incident on a crys-
tal of thickness [, and then compare the result with ex-
periment. To this end, we use the already known (Sec, 1)
regularities of nonlinear absorption in the case of the
integral and differential saturation mechanisms.

The analysis reduces to a solution of an integral
equation in the form

o ap
l:-l[Pa(P) ’

(26)

in which @(P) should be replaced by the explicit ex-
pression (16) or (21), depending on the saturation mech-
anism. Equation (26) does not take into account multi-
ple reflections of the light in the crystal, a procedure
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valid when applied to the discussed experiment, since
@l > 1 under the conditions of this experiment. Using
an asymptotic approximation of the type (al— In(P,/P))
<< 1, corresponding to the region where the absorption
depends little on the power, we obtain an expression for
the saturation parameters f, and f, in the cases of in-
tegral and differential mechanisms, in the form
i oo + oy ( Py

1
= (ol —In—) =—
wP—py\ ¥ " ) 5

- (27)

where o, and a, are the exciton-phonon and ‘‘phonon’’
absorption coefficients, and P is the radiation power at
the output of the crystal. Solving Eq. (26), we can easily
obtain the connection between the powers P, and P, the
saturation parameters f, or f,, and the absorption coef -
ficients a, and «,. The corresponding expressions for
the differential and integral mechanisms, represented
in the form of invariants, are

2a,® 1 ®
[ e+ )+ e = = e+ ] =
(28)
[0 7)) Xo ,
[_“—-——(ao—l—ai)al ln(a1+ao)+al+uo ln(z—i)]L =1 (28"

where in (28)

zg= Y1+ foPo, =11+ foP,
and in (28")
zo=1+4 fiPo, =1+ fiP.

We have attempted to ascertain which of the satura-
tion mechanisms is realized in our case. To this end,
we used (27) to calculate the values of the saturation
parameters fi and f2 for each of the curves of Fig. 5
(we used the dependence of the optical density on the
power in the region of the weak nonlinearity in accord-
ance with the asymptotic approximation). We then veri-
fied the invariants of expressions (28) and (28’) using
the experimentally obtained values of the optical trans-
mission of the crystals in the entire range of powers
P,

The calculations performed in this manner have
shown that it is difficult to draw any definite conclu-
sions concerning the saturation mechanism, although
good agreement between theory and experiment takes
place in the case of the integral saturation mechanism.
The point is that in expressions (28) and (28’), which
have an integral character, the significant difference
between relations (16) and (21) becomes leveled out
{these equations have a local meaning, i.e., for each
point of the crystal). Therefore, owing to the low accu-
racy in the determination of the absolute values of the
powers (by an approximate factor of 2), we were unable
to establish the saturation character uniquely in this
manner.

To ascertain the saturation mechanism, we investi-
gated additionally the spectrum of the exciton lumines-
cence, which was excited with a ruby laser in the exci-
ton-phonon region of the absorption spectrum., Under
the conditions of strong absorption saturation at the lo-
cation of the exciton band (for example, at |k,|), where
the optical transition is completed, the occupation num-
bers of the excitons and of the phonons actually become
equalized, n(k,) — v(k,). If at the same time the exciton
energy relaxation is slower than their departure from
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FIG. 6. Intensity distribution in exciton-phonon luminescence ex-
cited by a ruby laser (A = 6943 A) at powers 2 X 10° W/cm? (a), 107
W/cm? (b), and 5 X 107 W/cm? (c). The arrows indicate the positions of
the red boundary of the exciton-phonon spectrum (A — L0) and of the
laser line.

the band (the differential saturation mechanism), then
the inequality n(k) < v(k,) is satisfied at any point of
the band, and the exciton-phonon luminescence has a
spontaneous character. On the other hand, if under the
conditions of strong saturation of the absorption the ex-
citon energy relaxation is the faster process, then in
the exciton-band region located closer to k = 0 there
can develop an inverse distribution of the excitons rela-
tive to the LO-phonon band, i.e., n(k) > v(k,) at |k|

< |k,l. In this case, a strong induced luminescence
should be observed near the red boundary of the exciton-
phonon spectrum. Such a luminescence is indeed ob-
served at laser-radiation exciting powers 2 MW /cm®
and above., Figure 6 shows the results of microphotom-
etry of the intensity distribution in the luminescence
spectra of CdSe single crystals at T = 93°K, excited by
ruby-laser emission. Figure 6 shows the position of the
red boundary of the exciton-phonon spectrum at the
same temperature. We note that the red boundary of the
luminescence spectrum experiences a certain shift to-
wards lower energies. This, as shown by estimates,
may be connected with the heating of the crystal when
the excitation power from the laser is large. A charac-
teristic feature of the obtained spectrum distributions
is that the maximum of the luminescence is located
near the red boundary of the exciton-phonon spectrum.
This is evidence of a strong concentration of the exci-
tons near the center of the band. Clearly, such a dis-
tribution of the excitons in the band may develop in the
case of a sufficiently rapid rate of intraband relaxation.
Thus, the investigation of the luminescence under satu-
ration conditions offers evidence in favor of the integral
mechanism. It should be noted that in these investiga-
tions, a noticeable luminescence was observed at exci-
tation powers exceeding the powers at which the satura-
tion parameters are determined.
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fT(yk"’%v)v) ;ex'w-. ;ede" fs ?7!3:)"11(3)‘/ Vo107 | Tog 10 f1
0.0048 (100) | 1.08 9.25 |1.1-1072 0.0134 (121)] 1,57 6.4 5-1073
0.006 (104) | 1.1 9.1 11072 0.0166 (129)| 1.9 5 3.54-1073
0.0087 (110) | 1.12 9.0 0.9-1072

In the case of the integral mechanism, the saturation
parameter f, can be rel_ated to the average lifetime of

the exciton in the band T, = 7;}‘{ (see (17)). We can
readily see that

Ve = I‘/ D e—ERT,
®

The table lists the values of the parameters f, deter-
mined from the curves on Fig. 5 and from formula (27),
and also the values of Yoy and Ty, calculated with the
aid of expressions (17) and (29). The tabulated data re-
veal a certain temperature dependence of the average
lifetimes of the excitons in the band. As expected, when
the temperature is increased a monotonic decrease of
these times is observed.

We note that in the differential mechanism of satura-
tion it is possible to determine the lifetimes yé}l( (k) at
each point of the exciton band.

Thus, an investigation of the saturation of the absorp-
tion in the exciton-phonon spectrum of the semiconduc-
tors is a method for investigating the kinetics of the ex-
citons. On the other hand, the investigation can be use-
ful in the experimental solution of the problem of para-
metric generation of quasiparticles—excitons and pho-
nons. .

The authors are grateful to I. B. Levinson and E. L
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