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We investigated the observed transport of excitons in semiconductors (CdS). We demonstrate 
experimentally and theoretically that the observed exciton drift can be due to their dragging by a 
stream of nonequilibrium acoustic phonons. The transport of the excitons by phonons is investi- 
gated and the main characteristics of this phenomenon are determined both in the case of a 
semiconductor excited by strongly absorbed light (the nonequilibrium phonons are produced in 
this case as a result of thermalization and nonradiative recombination of the generated electron- 
hole pairs), and as a result of injection of phonons into the sample by heating a metallic film 
sputtered over the surface of the semiconductor. 

PACS numbers: 71.35. + z, 72.10.Di 

Increasing the excitation level produces in the spectra 
of the recombination radiation of direct-band (11-VI, 111-V) 
semiconductors considerable changes, which were inter- 
preted in a number of studies as manifestations of collective 
interactions in a system of nonequilibrium electron-hole 
pairs (NEHP) of high density. 

There exist at present several viewpoints concerning the 
nature of the produced emission It is important to 
note that in the analysis of recombination-radiation spectra 
at high excitation levels it is necessary to take into account 
the transport processes in the NEHP system. Phenomena of 
this kind were first discussed in Ref. 9 as applied to the case 
of electron-hole pairs in Ge at helium temperatures. Atten- 
tion was called there to the possibility of transport of the 
electron-hole drops (EHD) by the nonequilibrium phonons 
produced in the course of relaxation of the NEHP and prop- 
agating ballistically in the sample (the so called phonon 
wind). 

In our preceding  investigation^^.'^ we observed a 
change in the character of the recombination of the free exci- 
tons (FE) at T >  40 K. This change manifests itself both in a 
modification of the emission line from the resonant state,8 
and in an anomalous increase of the luminescence intensity 
on the FE-LO phonon replica lines relative to the zero- 
phonon emission line of the ex~ i ton .~ . ' ~ "  It was observed in 
Ref. 10a that at high surface excitation intensities a drift 
transport of the electrons takes place. It was suggested in the 
same reference that the possible mechanism of this transport 
is the dragging of the FE by a stream of nonequilibrium 
phonons produced in the sub-surface layer of the crystal. We 
note that as applied to the case of the FE this phenomenon 
was investigated for the first time. 

In the present paper we report a systematic investiga- 
tion of the drift transport of FE in CdS crystals at T >  40 K. 
It will be shown that the physical picture in this situation 
differs from that investigated in Ref. 9. This pertains both to 
the electron-hole system and (a particularly important fac- 
tor) to the phonon system, inasmuch as in the case consid- 
ered we are dealing with a region of sufficiently high tem- 
peratures, when the phonon-phonon scattering (including 

that with umklapp) plays a most important role. 
The plan of the exposition is the following. In Sec. 1 we 

describe, the experimental procedure; in Sec 2 are given the 
results of an experimental investigation of exciton motion 
using optical methods of observation; alternate mechanisms 
of increasing the size of the region occupied by the excitons 
are discussed. In Sec. 3 we present a theoretical analysis of 
the phonon system of a semiconductor under the conditions 
of the perturbation produced by phonon generation upon 
recombination and thermalization of the NEHP; the exciton 
dragging due to this perturbation is analyzed. In Sec. 4 we 
discuss the results and compare the experimental data with 
the deductions of the theory. 

1. EXPERIMENTAL PROCEDURE 

The object of the investigations was the 11-VI semicon- 
ductor cadmium sulfide. Samples grown from the gas phase 
had a residual-donor density N ,  5 lOI5 ~ m - ~ .  Typical sam- 
ple sizes were 3 X 6 mm, at thickness 10-40pm. The hexag- 
onal c axis of the crystal was in the plane of the plate. The 
recombination radiation of the crystal was excited by light 
from an N, laser with pulse duration to = 5 x and 
sec, power up to 500 kW, and repetition frequency up to 90 
Hz. The recombination-radiation spectra were analyzed in 
two geometries: in transmission (k, 11 k, ) and in reflection 
(k,II - - k,) (k, and k, are the respective wave vectors of 
the exciting and recombination radiation). The spectral in- 
strument was a DFS-24 monochromator. The spectral width 
of the slit of the monochromator did not exceed in any case 
lop3 eV. The luminescence polarization was analyzed in ac- 
cordance with the known selection rules for CdS crystals. 
The luminescence signal was recorded with a high-speed 
photomultiplier and a stroboscopic signal-recording system. 
The recording system displayed without distortion a light 
pulse of front duration - sec. The samples were placed 
in the chamber of a controlled-temperature cryostat; the ex- 
periments were performed in the temperature range 
30 < T <  130 K .  The temperature was maintained constant 
within -0.01 K. To prevent a possible influence of the sti- 
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mulated emission on the luminescence spectra, the laser 
beam was focused into a spot of 50pm diameter. The mono- 
chromator analyzed the central region of the excitation spot, 
which was separated with special masks and diaphragms. In 
addition, we investigated the modification of the recombina- 
tion-radiation spectrum by a change in the size of the excita- 
tion region-this revealed the influence of stimulated emis- 
sion on the recorded spectrum. The range of the employed 
excitation intensities was bounded from above by the pump 
intensity at which the stimulated emission first appeared. 
The exciton lifetime was measured using two-photon vol- 
ume excitation of the sample by the second harmonic of an 
YAG-Nd+ laser (A = 0.53 pm) with pulse duration 
12x sec. The diffusion coefficient of the free excitons in 
the investigated CdS sample was determined by the method 
described in Ref. lob. 

To investigate the influence of the flux of nonequilibri- 
um phonons on the exciton system we used a set of samples 
with a metallic film (In, Au) of thickness -, 200 A sputtered 
on part of a crystal surface. Simultaneously with the sputter- 
ing of the metal on the semiconductor, a metallic layer of the 
same thickness was sputtered on part of the surface of a thin 
quartz plate, which served as a special filter to attenuate the 
exciting radiation by the same amount as the metal layer on 
the crystal surface. The joint use of the filter and of the sam- 
ple with metallic film made it possible, while maintaining the 
density of the generated excitons constant, to vary the inten- 
sity of the phonon flux (Sec. 2). The equality of attenuation of 
the exciting radiation by the metal layers on the quartz glass 
and on the sample was additionally monitored by the behav- 
ior of the spectral composition of the FE luminescence at 
weak pump intensities ( < 1 W/cm2), and by the transparency 
of the filter and of the sample to helium-neon laser radiation. 

the excitons are generated and the sample region from which 
the luminescence is observbed are spatially separated in the 
k,IlkL geometry but are superimposed at k,. - k,. Assum- 
ing an exciton diffusion coefficient D z 6  cm2/sec (Ref. lob) 
and an exciton lifetime r-  10W9 sec, we find that the charac- 
teristic diffusion length is L, - lop4 cm, whereas the dis- 
tance between the region of exciton generation and the re- 
gion of observation is the thickness of the sample L - lo-' 
cm, and consequently L>L,. Thus, the usual diffusion pene- 
tration of the excitons over a distance L is not very effective. 
What is significant is a feature peculiar to direct-band semi- 
conductor, namely the large value of the light abosrption 
coefficient on the FE line, where a, - lo5 cm-', and its 
abrupt decrease near the fundamental-absorption edge, so 
that in the FE-LO region, where a,-,, -lo2 cm-', the 
sample is practically transparent to the radiation in this 
spectral region. The foregoing circumstances enable us to 
detect the excitons, with high temporal resolution, by using 
the exciton emission on the FE line. Entry of the excitons 
into the "detector" region (the sample volume near the sur- 
face, with characteristic dimension I ,  -a, - ' - cm) 
can then be revealed by the presence of emission on the FE 
line. On the other hand, emission on the FE-LO line yields 
information on the total number of excitons in the sample. 

Figure 2 shows the dependences of the luminescence 
intensity ofthe FE and FE-LO lines on the excitation level in 
the two investigated geometries. It can be seen that the de- 
pendence of the intensity of the zero-phonon line of the FE 
luminescence in the lasing region (k,. - k,) on I, starting 
with a certain excitation level, undergoes a transition from 
linear to sublinear with a tendency to saturation. At the same 
time, the intensity of the FE-LO recombination radiation 
continues to increase with practically linearly I. In turn, the 
intensity of the FE line emission in the detector (k, Ilk,) in- *' OF RECOMBINAT'ON RAD'ATlON OF A FREE creases superlinearly, starting approximately with the same EXClTON 
value of the excitation at which the sublinear behavior ap- 

Figure 1 shows the spectra of the recombination radi- pears in the k, 11 - kL geometry. Since luminescence intensi- 
ation in two observation geometries: in (k, 11 kL ) ty of the excitons is proportional to their density, the experi- 
and in reflection (k, 1 1  - k ~ ) .  It  is seen that in the geometry mentally observed behavior of the recombination radiation 
with k, 11 - k, the intensity of the FE line decreases with offers evidence of the followine. 
increasing excitation intensity I relative to the FE-LO 
phonon replica line. We note that the crystal region in which 

CdS as. 

FIG. 1. Recombination-radiation spectra plotted 
in the geometry k,IJkL and k,ll - k,, polarization 
Elc, I,  = 4 X  loz4 ~ m - ~ ~ . s e c - ' ,  T = 77 K, 
L = 2X cm. 

" 
1. In the NEHP generation region, the growth of the 

4 rel. un. 

10" 

FIG. 2. Dependences of the luminescence intensity 
on the excitation I on the lines FE and FE-LO; 
I,, = 4~ loz4 ~m-~.sec- ' ,  T =  77 K, L = 2~ 
(0-X - LO, . --X(k,lI  - kLqA-X(k,llkLl). 
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exciton density stabilizes with increasing I. 2. At a distance 
x = L from the generation region, the density of the excitons 
increases superlinearly with increasing pump. 3. The num- 
ber of excitons integrated over the volume increases linearly 
with increasing excitation intensity in the entire investigated 
pump range. 

Thus, the foregoing results indicate that the excitons 
penetrate into the sample, with increasing excitation level, to 
distances that exceed considerably the diffusion length, i.e., 
the volume occupied by them increases with increasing exci- 
tation. 

To analyze the character of the exciton motion we have 
investigated, at different values ofI,  the temporal evolution 
of the luminescence signal in the detector region, both in the 
geometry k,fl - k, and in the geometry k, Ilk,, when the 
regions of generation and detection of the FE are spatially 
separated. From an analysis of the experimental data we can 
draw the following conclusions (see Fig. 5 below). 

First, substantial differences are observed in the tempo- 
ral evolution of the exciton radiation from two spatially sep- 
arated regions of the sample. The signal from the detector 
region (k, Ilk,) undergoes changes typical of drift motion, 
namely, with increasing excitation intensity the excitons ne- 
gotiate the distance L faster. This manifests itself in a charac- 
teristic shift of the maximum of the time dependence 
towards the instant of time t = 0 and to a decrease of the 
duration of the radiation pulse. At the same time, the shape 
of the FE line pulse from the region x zO(k, 1 1  - k,) remains 
practically unchanged when the pump is varied. 

Second, as for the FE-LO line, experiment8 shows that 
at very low intensities its temporal dependence duplicates in 
the main the shape of the laser pulse. An increase of1 leads to 
a superlinear dependence of the signal at t > to, i.e., to the 
appearance of a slow component in the variation of the lumi- 
nescence signal with time. In the case 12 ~ m - ~  set-I, 
the shape of the pulse ceases to depend on I,  and the charac- 
teristic duration of the pulse is in this case noticeably longer 
than to. At the same time, the shape of the pulse on the FE 
line in the reflection geometry corresponds practically to the 
shape of the laser pulse. Recognizing that a contribution to 
the response on the FE lineis made only by excitons situated 
in a subsurface layer of thickness -a, I, while on the FE- 
LO line also by excitons in the volume, the data presented 
above offer evidence that the recombination of the FE be- 
haves differently near the surface and in the volume. In this 
situation, modification of the signal on the FE-LO line with 
increasing I may be due to the fact that when I is increased 
the excitons penetrate, by drifting, into the sample, where 
their lifetime is long." The invariance of the shape of the 
pulse at sufficiently large I is evidence of invariance of the 
damping constant of the luminescence signal or of the life- 
time of the excitons as functions of the excitation intensity. 
This is confirmed also by the fact cited above, that the lumi- 
nescence intensity on the FE-LO line has a linear depen- 
dence on the pump. 

It must be noted that the effects observed do not change 
when the position of the excitation spot on the surface of the 
crystal is changed, and also when the sample is rotated 

through 180". This is evidence of sufficient identity of the 
sample surfaces, as well as of the absence of an influence of 
any local inhomogeneities on the experimental data. 

Thus, the experimental results indicate not simply that 
the size of the exciton cloud increases with time, but that the 
excitons move by drifting, under the influence of a certain 
force that depends on the excitation intensity. 

To explain this behavior we have invoked an idea, pro- 
posed in Ref. 9, that the excitons are dragged by the nonequi- 
librium phonons generated as a result of thermalization and 
nonradiative recombination of the NEHP in the thin subsur- 
face layer of the sample. The experimental conditions in our 
case, however, as will be shown below, differ substantially 
from the situation corresponding to the EHD dragging in- 
vestigated in Refs. 9, 11, and 12. 

In principal, another transport mechanism is also possi- 
ble, and depends on the light intensity, namely photostimu- 
lated diff~sion. '~. '~ This case, as shown in Refs. 13 and 14, 
the increment to the usual diffusion flux is given by 

where R is the rate of radiative recombination and E is the 
energy. It can be seen from this formula that the increment 
to the diffusion on account of photostimulated depends on 
the form of the radiative recombination (linear, quadratic, 
etc.). What is important, however, is that in the case oflinear 
recombination (such as exciton rec~mbination'~) we obtain 
for the diffusion coefficient an increment that does not de- 
pend on the density of the particles in the system, i.e., on the 
excitation intensity, whereas in experiment one observes a 
substantial dependence n the pump. In the case of band-band 
recombination we have R = p(E )Bn2@(E ) is the probability 
of emission of a quantum of energy E, B is the radiative 
recombination coefficient and n is the carrier density), and 
then Dd-5~10-18n  (Ref. 14). At a - l o4  cm-l, 
B k 7 x 10-lo cm-3 we obtain D >, 20 cm2/sec. It can thus be 
seen from the foregoing estimates that to realize photostimu- 
lated transport the necessary conditions are the following: 
the presence of nonlinear recombination, a value a 5. lo4 
cm- ', a sufficiently high coefficient of radiative recombina- 
tion (the estimate given above for B is for GaAs crystals, 
which have an almost 100% internal quantum yield). As for 
excitons, the nonlinear process in such a system2 should lead 
to the appearance of radiation in the region of frequencies 
where the absorption coefficients is - lo2 cm-', i.e., the 
photon leaves the crystal without being absorbed. In the case 
of CdS, in which the exciton has a high binding energy ( ~ 2 8  
meV), the recombination is effected via exciton states, and it 
is impossible to observe in experiment the radiation corre- 
sponding to band-band recombination. Analysis shows that 
other possible effects that lead to an increase of the dimen- 
sions of the exciton cloud (transparentization, expansion due 
tothe mechanism considered in Ref. 16) do not play a signifi- 
cant role in our case. 

Before we proceed to consider the phonon-system dis- 
equilibrium, its evolution, and the character of motion of 
excitons under the conditions of this disequilibrium, we dis- 
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FIG. 3. Kinetics of recombination radiation of an exciton from the reso- 
nant state following the action of a thermal pulse: I-shape of radiation 
pulse in the geometries k, 11 - k, (A )and (B ); 2-shape of radiation pulse 
in the geometry k, Ilk, (A ); 3-shape of radiation pulse in the geometry 
k, Ilk,(B); &shape of radiation pulse in the geometry k,llk, for excita- 
tion of the bare surface of the sample with light of intensity I = I,(T = 77 
K, L = 2 x  lo-) cm). 

cuss the results of experiments on the interaction of excitons 
with a thermal pulse (cf. Ref. 17). We have performed the 
following experiment (insets in Figs. 3 and 4). A thin layer 
( =: 200 d;) of metal (In, Au) was sputtered on the surface of a 
CdS sample. Simultaneously, a special filter was prepared 
and placed in front of the sample and making no contact with 
it, so as to be able to decrease the intensity of the light by as 
much as it is attenuated by the indicated metallic film (ap- 
proximately 10 times). In channelA the light passes through 
the filter and is incident on the free surface of the sample, 
while in channel B the light is incident on the metallic film 
located directly on the surface of the sample. In accordance 
with the foregoing, the intensity of the light passing in the 
CdS and producing excitons should be the same in both 
channels; consequently the density of the produced excitons 
should also be the same. However, whereas the absorption of 

I,  rel. un. 

I 

the light by the filter in channel A does not heat the sample, 
the power absorbed in the metallic film in channel B leads to 
generation of a phonon flux that penetrates into the sample. 
As a result, the intensity of the phonon flux in channel B is 
approximately 10 times larger than the corresponding inten- 
sity in channel A. Figures 3 and 4 show the results of this 
experiment. It can be seen from Fig. 4 (curve 1) that deposi- 
tion of a metallic film does not influence significantly the 
luminescence at low excitation intensities and the spectra in 
the case of excitation of bare surface of the crystal and a 
surface coated with a thin layer of metal practically coincide. 
We investigated the spectra (Fig. 4) and the temporal kinet- 
ics of exciton radiation in the two considered geometries. As 
can be seen from Figs. 3 and 4, when an additional phonon 
flux is generated (curve 3 of Fig. 3) the temporal kinetics in 
the detector (from the regionx = L ) changes qualitatively in 
the same manner as in the case shown in Fig. 5, namely, the 
excitons negotiate the distance L more rapidly with increas- 
ing I and the exciton packet spreads out less as a result of 
diffusion. A comparison of curves 4 and 3 of Fig. 3 we can see 
that dragging by the thermal pulse is less effective than exci- 
tation of the superconductor by light of the same intensity. 
We note also that the same number of excitons is produced in 
cases A and B, as confirmed by the invariance of the area 
under the curve on going from 2 to 3 in Fig. 3. It can also be 
seen that the intensity of the FE line decreases substantially 
following the action of a thermal pulse; this is evidence of 
additional departure of part of the excitons from the sample 
subsurface into the volume. 

The results of the reported experiments confirm the for- 
going assumption of drift motion of the excitons and phonon 
dragging mechanism. 

I .  rel. un. 

t.?L19,, 
FIG. 4. Recombination radiation spectra of FEfollowing the action of 
phonons of a thermal pulse: l-excitation intensity I = 101X-10'9 FIG. 5. Kinetics of luminescence in the geometries k,(I - k, and 
~m-~.sec- ' ;  2--excitation intensity I = I, = 3 X 1023cm-2.sec-'; 3- k, Ilk,, T = 77 K, L = 2 x  cm 1-shape of excitation pulse; shape of 
excitation intensity 1 = I, = 3 X loz4 ~ m - ~ . s e c - ~ ;  observation geometry FE radiation pulse at: 2-1 = 1.2X lo2' ~m-~esec- ' ;  5-shape of radi- 
i n 1 , 2 , a n d 3 : k , I ( - k , , T = 7 7 K , L = 2 ~ 1 0 - ~ c m .  ation pulse of phonon replica of FE at I = 5 x l o 2 ' - 4 ~  loz4 ~m-~ . sec - ' .  
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3. PROPAGATION OF NONEQUlLlBRlUM PHONONS AND 
EXCITON DRAGGING (THEORY) 

We start with an analysis of the processes that occur in 
the phonon system. The cause of the system disequilibrium is 
relaxation of the NEHP generated by the laser radiation, a 
relaxation accompanied by emission of a large number of 
phonons, for the most part optical. The characteristic times 
of emission of an optical phonon by a carrier amount in this 
case to - 10-l3 sec, and the corresponding range is - lop6 
cm. Thus, the phonon-production region is localized near 
the front surface of the sample x = 0 (the x axis is normal to 
the surface of the film) at distances of the order of the damp- 
ing length of the exciting light, - cm. The next stage is 
the decay of optical phonons into acoustic ones and also 
takes place within short times, - lo-' '  sec. Very important 
for the subsequent relaxation in the phonon system is that in 
the considered temperature region (above 40 K) three- 
phonon processes with participation of thermal phonons are 
the effective ones. Thus, at T z 7 7  K we have for the charac- 
teristic time of normal three-phonon processes, in the case of 
phonons with energies fiw- T, the estimate1' 
T, - (T5/pfi4ES)-' -0.5 x 10- lo sec (herep is the density of 
the crystal and ijj is the average speed of sound); the corre- 
sponding mean path is IN - lop5 cm. As a result, over times 
longer than T, and over distances more than lo-' cm from 
the surface, most nonequilibrium phonons are thermalized, 
and the disequilibrium for them manifests itself as inhomo- 
geneity of the distribution of the local temperature. More- 
over, in this temperature region there occur also effectively 
three-phonon processes with umklapp, since the parameter 
O /T- 5 ( 0  is the Debye temperature) is not too large and the 
exponential smallness of exp( - O / T )  is offset by the corre- 
sponding increase of the phase volume. These considerations 
agree with the experimental estimate of the total relaxation 
time of phonons in CdS, which takes into account different 
processes'9 and is obtained from an analysis of the thermal 
conductivity: 

7- '=Ao4+[Bl+B,  exp ( -OluT)  ] 02T3,  (1) 

where the coefficient A,  which describes the scattering by 
defects, does not exceed sec3 for sufficiently pure sam- 
ples; B, z 1.4 x lo-'' sec/deg3, B, z 3.8 x lo-,' sec/deg3 
(B, and B, are connected respectively with N and U pro- 
cesses), and a - 1-9. In accordance with (1) at fiw - T z  77 K 
we have T,, , -T~- 10-lo sec. Thus, the thermal-phonon 
mean free path for processes with umklapp is - cm, 
and consequently the change of the temperature over the 
characteristic scales of the experiment ( -  lo-' cm) is due to 
ordinary thermal conductivity. 

This behavior, due primarily to the contribution of the 
attachment of equilibrium thermal phonons, distinguishes 
essentially the present situation from that typical of experi- 
ments on dragging of EHD by phonon wind and considered 
in Ref. 9. The latter corresponded to the region of low near- 
helium temperatures, when the main processes in the 
phonon system are decay processes. 

From the conservation laws, however, it follows that 
only phonons with low energies h < T  can interact with ex- 

citons. Indeed, the condition fit)@ must be satisfied, where 
iiq is the phonon momentum andp is the characteristic mo- 
mentum of the exciton. From this we get the estimate fiw/ 
T,<wfi, where w is the phonon velocity and F is the thermal 
velocity of the exciton. From theoretical estimates, and also 
from the experimental estimate (I), it follows that the char- 
acteristic relaxation time T, of these long-wave phonons 
turns out to be larger by (v/w), times than for thermal phon- 
ons, and at T- 80 K it is of the order of lo-' sec. The mean 
free path I, for them is correspondingly of the order of 10W3 
cm, i.e., of the order of the sample thickness. Consequently, 
the excitons interact with phonons that propagate almost 
ballistically. We note that the principal relaxation mecha- 
nism in this group of phonons is the joining together of ther- 
mal phonons; this ensures relaxation of both the energy and 
of the momentum of this group. Another possible momen- 
tum relaxation mechanism is diffuse scattering by the sam- 
ple boundaries. 

Despite the large mean free paths of the long-wave 
phonons, their relative contribution to the heat transfer is 
small ( I ,  a qV2 as against a state density cc q2). An important 
circumstance here, in particular, is also that under the ex- 
perimental conditions the hexagonal crystal axis c lies in the 
plane of the sample, so that we are interested in heat transfer 
in the direction perpendicular to the c axis. In the opposite 
case a most important role would be played by the substan- 
tial growth of ~ ( q )  when the direction of q approaches the 
hexagonal axis of the crystal. '' 

We can thus separate two phonon groups of importance 
to us: thermal with energies fiw - T, whose distribution dis- 
equilibrium is determined by the inhomogeneous distribu- 
tion of the temperature, and long-wave phonons propagat- 
ing from the heated region almost ballistically. As we shall 
show, after times of the order of the observation time, the 
heating region is in the main localized at the front surface of 
the sample. This is reminiscent of the hot-spot picture pro- 
posed in Ref. 1 1 to explain experiments on dragging of EHD 
by thermal pulses. In contrast to Ref. 11, however, in our 
case the appearance of the hot spot is due to the contribution 
of the equilibrium-phonon system that causes the main 
mechanism of the phonon relaxation. The fact that the phon- 
ons of the main group are thermalized and propagate in the 
heat-conduction regime greatly facilitates the analysis of the 
disequilibrium of the phonon system compared with the 
low-temperature case (considered, in particular, in the pa- 
pers of Levinsonzo). 

In accord with the foregoing, the starting point for our 
problem is the equation for the temperature 

where 3 is the thermal diffusivity coefficient. The boundary 
conditions for (2) are connected with the question of the heat 
dissipation. Estimates show that under conditions consid- 
ered, over observation times t 5 lop7  sec, the heat dissipa- 
tion can be neglected. We assume also that during this time 
the heat does not manage to propagate to the rear wall, so 
that the boundary conditions correspond to 
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VTI,=,=O, ATI,,,+O, 

where AT = T - To and To is the equilibrium temperature 
of the sample prior to irradiation. 

We shall hereafter assume everywhere A TdT,, so that 
the parameters of the phonon and exciton systems can be 
regarded as given and the equations as linear. In this case the 
solution of (2) with 6-function initial conditions (injection of 
heat Q at the initial instant of time t = 0) is of the form 

where Cis  the heat capacity of the phonon system. Recog- 
nizing that Bz2cm2/sec, the heating region would reach 
the rear surface x = L=:2 X cm within a time t- lop6 
sec, so that in an observation time t < 10-' sec we are indeed 
dealing with a hot spot localized on the front surface. 

We turn now to the group of long-wave phonons re- 
sponsible for the interaction with the excitons. The kinetic 
equation for the distribution function N (q) of these phonons 
is of the form 

where j describes the interaction with the thermal phonons. 
Recognizing that this interaction should result in a Planck 
distribution function No(T), as well as that the long-wave 
phonons constitute a small group in phase space, the term in 
question can be represented in the form 

fN= [ N o  ( T )  - N ] I t . ,  (44  

where T is the local value of the temperature. 
We begin the analysis of (4) and (4a) with the case 

I ,  = WT* 2 L. Within the framework of the method of char- 
acteristics, the general solution of (4) can be represented in 
the form 

dt' t -t' 
N = ~ - N ~ ( T ( ~ ~ ) ) ~ X P ( - - - ~ )  - z* , 

I, 

where the integration is along the phonon trajectory and t ' is 
the time that the phonon is located on the given point of the 
trajectory. For simplicity we neglect here the explicit depen- 
dence of T on the time, assuming that the time of spreading 
of the hot spot is much longer than the time of flight of the 
phonons. The constant 7, is determined from the boundary 
conditions on the surface of the sample. Assuming specular 
reflection we have i1 = - a, (the trajectory includes multi- 
ple reflection from the walls). 

Since we assume fi,ic.,<T, it follows that 

N ,  ( T )  =T / t zo=  ( T o + A T ) / h o .  

The difference between N and the equilibrium distribution 
function is thus determined by the presence, in the inte- 
grand, of a term proportional to A T and different from zero 
only in the region of the hot spot at x 5 (Et ) ' 1 2 < ~ .  The effect 
of interest to us is connected only with the flow part of the 
function N, which describes the directional flux of phonons, 
so that it is necessary to calculate the quantity 

N-=N(w,>O) -iV(w,<O), 

Changing in (5) to integration with respect to the spatial vari- 
able (dt' = dx/w,) and using (3) we obtain after simple 
transformations, for the function N - inthe region outside 
the hot spot, i.e., at x 2 (Bt )'I2, the following estimate: 

Q L-x N -  m -  
C ( f i o )  L t . w  cos 6 ' 

where 9 is the angle between w and the x axis; in accordance 
with the derivation conditions, L /cosS<w~,. 

In the case of fully diffuse scattering of the phonons by 
the walls, we represent the general solution of (4) in the form 

dt' t '- t  
N = A  ex, [-F )+ ~ - - ~ ~ ( t ' ) e x p [ ~ ]  Z. , 

it 

where the instant t, corresponds to the act of scattering by 
the wall (for phonons with w, > 0 from the wall x = 0, for 
phonons with w, < 0-from the wallx = L ). The constant A 
is determined from the condition that the total phonon flux 
on the surface vanish. It can therefore be shown that the 
estimate of N - in the region outside the hot spot takes the 
same form as in the case of specular scattering(6). 

In the region of the hot spot, the order of magnitude of 
N - agrees with the estimate (6), but the coordinate depen- 
dence ensures in this case vanishing ofN - at the wall x = 0. 

In the case I ,  < L, the solution of (4) can be obtained by 
the standard procedure of dividing N into parts symmetric 
and asymmetric in the velocities w, a procedure that leads to 
the diffusion equation. As a result, we have for N - in the 
region outside the spot the estimate 

We turn now to an investigation of the kinetics of the 
excitons. We use the standard Boltzmann kinetic equation 
for the exciton distribution functionJ The exciton-phonon 
collision integral 

is of the same form as the usual electron-phonon collision 
integral (the difference is determined by the value of M,).  
This is due, in particular, to the fact that in our case the 
characteristic phonon frequencies are much lower than the 
exciton excitation energy, and the characteristic wave- 
lengths are much larger than the Bohr radius. We assume 
also that the wavelengths of the phonons that interact with 
the excitons are shorter than the mean free path of the exci- 
tons. 

We now transform (a), separating the contributions of 
the symmetric and asymmetric (in q) parts of the phonon 
distribution function N,. The contribution of the symmetric 
part N +, determined in our approximation by the distribu- 
tion function of the equilibrium phonons No, causes the usu- 
al relaxation of the exciton distribution function with a char- 
acteristic momentum relaxation time r,, : 

where w, is the projection of the phonon velocity on x. Pep i -= f  EN+, f p  l - f p / t , .  
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Theoretical estimates lead to values rp - 10-'2-10-13 sec, 
which agrees with experiment. On the other hand, the con- 
tribution of the part antisymmetric in q is transformed into 
(cf. REf. 2 1): 

q 

(&p+fip-&p-fiuq) -6 (&p+hq-&p+fiuq)  1. 
(9) 

It is easily seen that the operator iep changes the parity of the 
function& with respect to p. We note that the contribution 
of the small q to (9) takes now the standard form of the kinet- 
ic-equation force term proportional to af /ap. 

We shall assume hereafter throughout that the mean 
free path of the ecitons is much shorter than the characteris- 
tic spatial scales of the variation off, and the rate of temporal 
variation off is much less than rp. With these circumstances 
taken into account, using the standard Chapman-Enskog 
procedure, we arrive at a diffusion equation for the exciton 
density n(x,t): 

where 
D=ll -2 ,SV ZP, p=zp/m. 

The term proportional to F is connected with the contribu- 
tion of the operator jep and describes the phonon dragging of 
the excitons. We can obtain for F the following estimate: 

The dragging force F, proportional to the antisymmetrical 
part of the phonon distribution functionN -, depends gener- 
ally speaking on the coordinates and on the time. In particu- 
lar, it vanishes at the walls (cf. (6)). It can differ from the 
estimate that follows from (1 1) and (6) near the front wall- 
in the region of the hot spot and, in particular, in the region 
of absorption of the laser radiation. We shall, however, ana- 
lyze next Eq. (10) under the assumption that F is constant. 
This approach makes it possible, in any case, to obtain order- 
of-magnitude estimates; its results can be used for a quanti- 
tative analysis of the situation when F is not constant if, 
nonetheless, the spatial and temporal changes ofFare slower 
than the corresponding change of the solution of (10). 

To solve Eq. (10) it is necessary to formulate boundary 
and initial conditions for it. We note first of all that, as men- 
tioned earlier, the experimental results (primarily compari- 
son of the data of Ref. 8 for the radiation on the FE and FE- 
LO lines) indicate that the surface acts as a region of effective 
recombination (see also Ref. 22). In this case, in particular, it 
has been establisheds that a noticeable decrease in the exci- 
ton density takes place near the surface within times rs 
5 sec substantially shorter than the time r, of the vol- 
ume recombination. For a model description of this pheno- 
menon we propose that near the surface there exists a layer 
of thickness d with a characteristic recombination time 
T~ (rv (the real presence of such a layer can be due to near- 
surface defects). If we assume d(aP',  it is easily seen that 

from the point of view of describing the considered effect this 
recombination source can be regarded as a pure surface 
source with a given recombination rate v, = d /rS (SO that 
the flux of the particles that recombine on the surface x = 0 
is j,  = urn). In this situation, the surface density n is deter- 
mined both by the surface recombination and by the influx of 
particles from the volume on account of diffusion. It is easy 
to show that if in this case (as a result of the action of the 
source) a certain exciton distribution was produced in the 
subsurface region, the decrease of the density n with time at 
x = 0 after turning off the source will follow a power law (if 
the initial distribution is homogeneous over the sample, this 
law corresponds to the asymptotic expression n 
a (D /v,'t )"'). It follows from experiment that the shape of 
the FE-line emission pulse, in reflection geometry, dupli- 
cates almost exactly (within - sec) the shape of the 
laser pulse. To describe this behavior soley within the frame- 
work of surface recombination it is necessary to invoke val- 
ues of V, considerably larger than those which follow from 
estimates of the exciton surface density. These circum- 
stances (as well as the behavior of the pulse on the FE-LO 
line) force us to assume that the relationd >a- ' is realized in 
the experiment. 

Favoring the foregoing arguments are also the differ- 
ences in the temporal kinetics of the luminescence observed 
at weak excitation intensities for different samples. Figure 6 
shows schematically the characteristic time dependences of 
the radiation on the FE-LO line, as well as on the FE line, in 
reflection geometry for three groups of samples. For the 
samples of the first group (which are the most typical), at low 
excitation intensities, the shape of the pulse on the FE-LO 
line almost agrees with the shape of the laser pulse; the ear- 
lier experimental data were obtained precisely for such sam- 
ples. For the samples of the second group, dow kinetics for 
the FE-LO line was observed already at small I. For the 
third group of samples, slow temporal kinetics appeared also 
on the FE line. The signal for the rear surface on the FE line 
(in the transmission geometry) for the samples of the third 
and second groups was noticeably stronger than for samples 
of the first group. This behavior can be easily explained by 
assuming that for the samples of the first group the condition 
a- ' < (Drs)'12 <d is satisfied, for the samples of the second 
group we have a- ' < d 5 (DT,)'~ 2 ', and for the third group 
a - I  - d ( ~ r ~ ) " ~ .  

We assume in addition that the condition d ( (~ t , ) ' ~ '  is 
satisfied, i.e., that the diffusion time in the given layer is 
much shorter than the characteristic times of the problem. 
This condition enables us to reduce the problem for a layer to 
a stationary problem whose solution, in turn, makes it possi- 

FIG. 6. Shape of luminescence pulse at I = 1018-10'9 ~ m - ~ . s e c - '  for the 
three groups of samples investigated in the experiment. 
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ble to formulate effective boundary conditions for Eq. (10). A 
natural distinction can be made here between two stages. In 
the first stage t < to, i.e., during the time of action of the laser 
pulse we have subsurface source of particles with a flux den- 
sity jo-Ne/to, where N, is the total number of produced 
excitons per square centimeter. Taking this factor into ac- 
count, and also neglecting the purely surface recombination, 
we can show that on the layer boundary x = d the density is2' 

( p2F2~:4D ) -'I2 

{ ; [ ( p T 2  
no=io exp -- - 

4 -cs 

(12) 
i.e., at p2F 2~s/4D( 1 we have 

and at p2F 2 ~ s / 4 D ~  1 we have 

Neglecting the layer thickness d compared with L, we 
use (12) as the boundary condition for (10) at x = 0 for the 
times O(t(to; the initial conditions for (10) in this stage cor- 
responds to n 1, =, = 0. We note that the discrepancy 
between the initial and boundary conditions at x = 0 is due 
to the fact that the matching of these conditions takes place 
in a narrow sub-surface layer, whose thickness we neglect. 
This discrepany is immaterial for the calculation that fol- 
lows. 

The second state t > to characterizes the propagation of 
the produced exciton cloud in the absence of a source. The 
initial condition for this stage is determined by specifying the 
shape of the cloud at the instant t = to (which, in turn, is 
determined from the solution for the preceding stage), and 
the boundary condition at x = 0 corresponds to the condi- 
tion of effective recombination in the subsurface layer, i.e., 
nlx~o,,>,o =0. 

It can be shown (see the Appendix) that by solving the 
corresponding problem we arrive at the following estimates 

We examine now how the results can be affected by the 
dependence of the force F on the coordinate and, in particu- 
lar, by the vanishing of the force on the rear surface of the 
sample (x = L ). It  can be seen that in the case of strong drag- 
ging we are dealing with displacement of the exciton cloud 
with velocity v = pF, accompanied by its diffusion spread- 
ing (cf. (14)). Thus, if F = F (x) and v = v(x), the time of dis- 
placement of the cloud from the point x = 0 to the point 
x = L is estimated at 

Taking (6) and (1 1) into account, we have 

L-x L L 
V = V ~ ( ~ ) ,  ~ t = -  InT. 

vo 

Here Z is a certain length that determines the cutoff of the 
integration. Since this cutoff is determined by the diffusion 
spreading of the cloud, 1 is estimated the equation 

E2/4D- (L /uo) ln (L /E) .  (17) 

Thus, the effect of vanishing of the force Fon the rear surface 
reduces to a lengthening of the time of displacement of the 
cloud by a factor 1 + ln(L /Z ), corresponding to the follow- 
ing substitution in(14) and (15): 

A behavior of this kind can be expected at WT, 2 L. If, 
however, the mean free path of the low-frequency phonons is 
shorter than L, the decrease of the force F (and accordingly 
of the drift velocity) at the rear wall becomes exponential (cf. 
(7)). Accordingly, the average drift velocity decreases expon- 
entially with increasing parameter L /wT,, namely 

- L 
v - v o  exp(--) . wz. 

and in the case L /WT, > ln(Lvd4D ) the motion of the exci- 
tons becomes purely diffuse. 

for the exciton density at the pointx = L for an instant t > to. 
At pF(4D /L  (weak dragging) we have ' 4. DISCUSSION OF RESULTS 

We proceed to discuss the results and to compare the 
nOLpS e- l l rye -L ' I&Dt  n - -- (13) experimental data with the developed theory. We emphasize 
2~; (Dt)'Ia first that our theoretical description (based on a number of 

For strong dragging, when 4 0  /L  <pF< 4DL /LoZ, We ob- assumptions) claims to describe the main qualitative rela- 
tain tions and tendencies, as well as order-of-magnitude esti- 

mates. 
e - ~ ~ ~ r  erp[ - n - -- 

(14) We begin with the experiment on the observation of the 
21; (Dt)'" .. 4Dt motion in a CdS sample, of FE produced in the region x = 0 

and at p F >  4DL /Lo2 we get and detected in the region x = L (Fig. 5). The corresponding 
experimental data and the results of the calculation of the 

n-e-tlrr-R(L-pPt). ( 15) temporal profiles of the exciton luminescence on the basis of 
Here Lo is the characteristic initial dimension of the exciton (14) are shown in Fig. 7. When comparing the theoretical 
cloud (at the instant of time t = to), and E(x) is a function that curves with experiment, the adjusting parameter employed 
describes the distribution of the excitons in the cloud at was the drift velocity V,, = p F  The values of V,, obtained 
t = to. For Lo we have the estimates in this manner lie in the range lo4-lo5 cm/sec; this agrees 

Lo-2 (Ute) ', yF< (4D/to)'", with the argument that the maximum velocity of the dragged 

( 16) excitons must not exceed that of sound Lo = 3.5 X lo5 cm/sec 
Lo-pFt,, pP> (4D/t0)'". (Ref. 23). It can be seen that, in the main, the theoretical 
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I, rel. un. v,,, cmlsec 

FIG. 7. Comparison of the observed shape of the radiation pulse of FE in 
the geometry k,I(k, with that calculated from (14): T = 77 K, 
L = 2X lop3 cm: 1-1 = 1 . 2 ~  lo2' ~ r n ~ ~ . s e c - l ,  2-1 = 8X 
~ m - ~ . s e c - l ,  3-1 = 4X ~ m - ~ . s e c - ' ;  calculation in accordance with 
(14) far T - u,, = 8 x lo3 cm/sec 2'-v,, = 3 X lo4 cm/sec; 3'-v,, 
= 8 x lo4 cm/sec. 

curves describe correctly the qualitative picture (the shift of 
the maximum and the decrease of the half-width of the pulse 
with increasing pump). For weak pumps, the agreement 
between the theoretical and experimental curves is quite 
good. With increasing excitation intensity, however, a cer- 
tain time lag of the luminescence signal is observed com- 
pared with the theory. The observed discrepancies can be 
due, as indicated in Sec. 3, to the fact that the dragging force, 
and hence the drift velocity, is not constant over the crystal 
(as was assumed in the derivation of (14)), but vanish at the 
surface. This leads to a certain spreading of the profile of the 
signal at the detector at x = L (k, Ilk,) in accordance with 
(14) and (1 8). We shall discuss also the role of another restric- 
tion of the theory (A T g  T )  in the derivation of (14). As noted 
above, the temperature rise AT is localized in a narrow sub- 
surface region of the hot spot, whereas the bulk of the sample 
does not manage to become heated during the time of the 
experiment. Therefore when analyzing the exciton transport 
in the bulk of the sample we can assume the temperature to 
be constant and thus, dispense with the restriction ATgT in 
the derivation of (14). All that matters for this derivation is 
the presence, in the interior of the sample, of a drift force F 
which we assume in the derivation of (14) to be given (and for 
simplicity, independent of the coordinate). With the forego- 
ing taken into account, the use of (14) for the analysis of the 
experimental curves is justified in a wide range of excitation 
intensities. 

It is convenient to reduce the experimental results and 
to plot the funciton v,, = f (I) with the aid of the analytic 
expression for At,,, , which is the time interval between the 
signals from the regions x = O(k, 11 - k, ) and x = L (k, Ilk,); 
this expression is obtained from the extremum condition for 
(14); 

(20) 
It can be seen that the drift prevails over diffusion if 
D<T ,v~ , .  In the caser T =  80 K, D = 7 cm2/sec, and 
T, - lo-' sec we obtain the estimate v,, 2 lo4 cm/sec, 

FIG. 8. Dependence of the FE drift velocity on the excitation intensity 
and on the temperature ( A 4 0  K, A-60 K, 0-80 K, 0-120 K, 0- 
130 K) 

which agrees with the experimental situation. 
We have investigated the dependences of u,, , defined in 

accordance with (20), on the temperature and on the pump 
intensity I.  The results are shown in Fig. 8. From the analysis 
of the corresponding v,, = f (I,T) curves of Fig. 8 it can be 
seen that at relatively high temperatures and weak pumping 
I- lo2' ~m-~ . sec - '  the velocity v,, depends linearly on I. 
At I- loz4 ~m-~.sec- '  the vdr (I) dependence becomes sub- 
linear and saturates. Attention must be called to the fact that 
with decreasing temperature the linearity region decreases 
(accordingly, the lengths of the saturation region increases), 
thus indicating an increase of the effectiveness of the drag- 
ging with decreasing temperature. These facts, in conunc- 
tion with v,, 5 lo5 cm/sec, are arguments in favor of the 
phonon mechanism of dragging and agree with the deduc- 
tions of the theory. 

In the preceding arguments we have in fact not dis- 
cussed the nature of u,,; this quantity was used only as a 
parameter that determines the kinetics of the excitons. We 
now compare the values and dependences obtained for this 
quantity from an analysis of the experiment, with a theoreti- 
cal calculation that takes into account the behavior of the 
phonon system in accordance with i6), (7), and (1 1). Inas- 
much as within the framework of this calculation we have 
invoked the hotspot region (which serves as the source of 
nonequilibrium phonons), the restriction A T(T turns out to 
be quite significant. Therefore estimates of F and v,, were 
obtained under the assumption AT(T and correspond in 
fact to a linear u,, = f (I ) dependence, i.e., they are valid only 
in the region of small I .  A numerical comparison of the con- 
clusions of the theory with experiment will therefore be 
made precisely for this region. As follows from (1 1) and (191, 
the estimate for v,, is expressed in the form 

The heat capacity of CdS crystals can be obtained from an 
analysis of the data of Ref. 24: We have C -  6 x lo2' cm-' at 
T z 5 0  K. Then, in accordance with (21a), putting 
Q=; 8 x 10' erg/cm2 (which corresponds to Iz 
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~ m - ~ . s e c - ~  and to- lo-' sec), we obtain at T z 5 0  K the 
value u,, z 3 X lo4 cm/sec; this estimate agrees with the ex- 
perimental value of u,, (Fig. 7). The theory describes satis- 
factory also the observed temperature dependence. In fact, 
in the experiment the value of v,, drops steeply when the 
temperature is raised from 80 to 130 K (from 3 X lo4 to 
1 . 7 ~  lo3 cm/sec). As can be seen from (21b), this behavior 
takes place if 1, 5 L; in this case v,, decreases exponentially 
with decreasing I,, whereas I ,  in turn decreases with in- 
creasing T like T -3 (1). Fromananalysis ofthe u,,(T) depen- 
dence we can conclude that I, becomes equal to L at T=: 100 
K. 

We turn now to an analysis of the surface kinetics. As 
noted above, the time dependences of the luminescence in 
reflection geometry suggest that rs 5 sec and 
d- ( D T ~ ) " ~  ~ 0 . 8  x cm. In accordance with the esti- 
mates (12), in the case of sufficiently effective drift (when 
pF2 2(D /T,)"~, the subsurface density ceases to increase 
linearly with increasing I. On the other hand, in this situa- 
tion the excitons penetrate effectively into the interior of the 
crystal, and when account is taken of (16) the total number of 
excitons penetrating into the volume depends linearly on I .  
This explains both the sublinear dependence of the lumines- 
cence on the FE line with incresing Iand the behavior of the 
phonon-replica pulse (Fig. 1-3). An estimate of the drift ve- 
locity, starting with which this behavior comes into play, 
corresponds to lo5 cm/sec, in satisfactory agreement with 
experiment. 

We turn finally to the question of the temperature of the 
subsurface region of the crystal, which serves as the injector 
of long-wave phonons, and to the time evolution of the hot 
spot. An estimate of the temperature rise in this region 
A T = : ( Q / ~ C ) ( D ~ ) " ~  yields at I -  ~m-~.sec- '  a value 
A T z 5  K, and at I -  ~ m - ~  set-' one obtains ATz25  
K.3' In this case, during the characteristic times of the exper- 
iment, the hot spot propagates over a distance x 5 6 X 
cm. 

We call attention to the fact that if we use the known 
data on the influence of the temperature on the luminescence 
spectrum, then when account is taken of the estimated AT, 
one might expect a spectral shift of the recombination-radi- 
ation lines at sufficiently large I.  In experiment, however, no 
such shift is observed. This disparity, in our opinion, can be 
due to the fact that the indicated temperature dependences 
of the spectrum were obtained, generally speaking, under the 
conditions of homogeneous quasistationary heating. In the 
situation investigated, however, we have on the one hand a 
substantial inhomogeneity (the region of the hot spot is 
bounded by unheated sections of the sample and this modi- 
fies in particular the character of the thermal expansion). On 
the other hand, the heating is not stationary, and we have 
seen that the phonon system, at any rate in the long-wave 
part of the spectrum, remains essentially in disequilibrium. 
We hope to analyze this question in succeeding studies. 

CONCLUSION 

1. We observed and investigated the dragging of free 
excitons by nonequilibrium acoustic phonons generated in 

nonradiative recombination and thermalization of NEHP in 
the subsurface layer of a crystal. A theory of this pheno- 
menon was constructed and takes into account phonon- 
phonon processes with participationof equilibrium phonons. 
Because of these processes, the bulk of the phonons turns out 
to be thermalized, and near the surface there is produced an 
increased-temperature region (hot spot) that expands by heat 
conduction. Interacting with the excitons, however, are 
long-wave phonons whose propagation is close to ballistic; 
the hot spot plays a role of an injector of such phonons. It is 
shown that the exciton drift velocity in this situation reaches 
saturation with increasing pump intensity, and at I- 
~m-~ . sec - '  its value is - lo5 cm/sec, i.e., close to the speed 
of sound. We investigated the dependences of u,, on the tem- 
perature and on the intensity of the optical excitation. We 
investigated the dragging of excitons by low-energy phonons 
of a thermal pulse obtained by heating with a laser pulse a 
metal film deposited on the surface of a sample. 

2. It is shown that the observed changes in the recom- 
bination-radiation spectrum of an electron-hole system of 
direct-band semiconductors at high optical-excitation inten- 
sity in the region of the phonon replicas of a free exciton can 
be attributed to a change of the spatial distribution of the 
NEHP in the sample, due to the dragging of the excitons by 
nonequilibrium acoustic phonons. 

3. The possibility was demonstrated of investigating 
processes in a phonon system with the aid of optical meth- 
ods. The procedure employed has high spatial, spectral, and 
temporal resolution and can turn out to be quite fruitful. As 
a result of an investigation of the interaction of excitons with 
acoustic phonons and comparison of the result with the de- 
veloped theory, information was obtained in the form of the 
distribution function and of the mean free paths of long- 
wave phonons. The mean free path of phonons of energy 
- 10W3 eV turns out to be of the order of cm at T z  100 
K. 

4. It is shown that study of the processes of dragging of 
excitons by phonons yields information on the kinetics of 
excitons in the subsurface region, particularly on the spatial 
dependence of the recombination time. 

We thank 0 .  N. ~a lenskg  for supplying the CdS sam- 
ples, U. Parmanbekov for help with the measurements, and 
Yu. M. Gal'perin, V. L. Gurevich, E. L. Ivchenko, and Yu. 
V. ~ o ~ o r e l ' s k ~ f o r  a discussion of the work and for a number 
of valuable remarks and suggestions. 

APPENDIX 

The general solution of (lo), defined on the entire real 
axis and corresponding to the initial-condition problem, can 
be represented in the form 

where 

In our case only the region x>O has physical meaning; at the 
same time, for the first stage of the development of the exci- 
ton cloud, O<t<t,, we deal not with a nonzero initial condi- 
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tion but with the boundary condition defined by (12). We use 
the solution (A. I), defining additionally q,(f ) also for the re- 
gion l< 0; this enables us to reduce the boundary condition 
at x = 0 to a certain initial condition at t = 0 for the region 
x < 0. On the basis of (13) we can represent the boundary 
condition (12) in the form 

1 
nlx=o = - e-i'T~ exp [ - ~ + ~ ] d E = n o ,  (A.2) 

2n"' 
- m 

4Dt 

which is an integral equation for p(f ). Assuming that t0(7,, 
we obtain an order-of-magnitude estimate p-no. Starting 
from (A. 1 and A.2) we can obtain 

where C -  1 depends little on u,  with 

It can be seen from the obtained expressions that at the in- 
stant when the laser pulse stops the distribution of the exci- 
tons can be described by the following interpolation for- 
mula: 

It corresponds to an exciton cloud whose dimensions in the 
case of weak dragging, i.e., at ( pF )'(4D /to, is of the order of 
2(Dt,)"', and for strong dragging, i.e., at ( , U F ) ~ % ~ D / ~ ~ ,  of 
the order of pF to .  

The second stage corresponds to propagation of an exci- 
ton cloud in the absence of a source. The initial condition for 
this part of the problem is the distribution (A.3), (A.4). The 
boundary condition is that effective recombination occur in 
a thin subsurface l a y e r x ~ d .  With account taken of the state- 
ment made in Sec. 3 above, it can be reduced in the case 
D T ~ ~ / ~  'to( 1 to the condition n 1, =, = 0 (just as before, the 
joining together of the boundary and initial conditions takes 
place in the subsurface layer, in which we are not interested). 
We note that this is precisely the stage that determines the 
slow luminescence kineticts connected, in particular, with 
the transport of excitons to the rear surface. To solve the 
problem during this stage we use again the general solution 
(A. 1). It is easily seen that the boundary condition n 1, = , = 0 
can be satisfied by defining q, (f < 0)  in (A. 1) in such a way 
that pexp( - pF{ /2D ) is continued into this region in odd 
fashion. Taking the foregoing into account, we obtain after 
simple transformations at t,t, 

where n(x) is defined in accordance with (A.3) and (A.4). 
Analyzing (A.5) in different limiting situations, we arrive at 
the estimates (1 3)-(15). 

"We note that the relations given here correspond to typical samples. In 
Sec. 3 we present also certain data concerning the variation of the ob- 
served dependences for different samples, discuss in greater detail the 
character of the recombination in the system, and advance additional 
arguments favoring our point of view. 

"Strictly speaking, we have calculated before the phonon distribution 
function Nand thus also the force F only for t > t,. It can be seen, how- 
ever, for order-of-magnitude results that these estimates can be used also 
at t - to. We note also that for F in 412) it is necessary to use its character- 
istic value in the subsurface layer x 5 d. 

3'It must be emphasized that the region of applicability of our theory is 
limited by the requirement A T<T. As seen from Fig. 8 this condition 
(and consequently also the val~dity of our estimates) is violated at I> loz4 
cm-'.sec-'. 
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