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Nonstationary diffusion of excitons in the semiconductor CdS is investigated. The mechanisms
responsible for relaxation of the exciton momentum are determined by comparing the experimen-
tally obtained temperature dependence of the momentum relaxation time with the theory, devel-
oped in the present work, of interaction between excitons and acoustic phonons (piezoelectric

interaction, deformation potential), optical phonons, and impurity centers, with allowance for the

internal structure of the excitons. The cross section for exciton formation by binding of free
carriers and the temperature dependence of the cross section are estimated.

PACS numbers: 71.35. + z, 72.10.Di, 72.80.Ey

1. INTRODUCTION

The production of streams of quasiparticles in a con-
densed medium, as well as the development of methods of
experimentally determining the characteristics of these
streams and methods of controlling them, is one of the fun-
damental problems of the physics of the condensed state.
The progress reached in the solution of this problem is the
basis of numerous technical applications of liquids and so-
lids. Streams of free carriers in semiconductors, in particu-
lar, have been intensively investigated during the last few
decades. Interest in this question is due primarily to the fact
that the production of a stream of charged particles in the
medium leads to the appearance of electric current. An in-
vestigation of the characteristics that determine the current
and, in particular, the mobility (or diffusion coefficient) of
the particle, and the uniquely connected with them momen-
tum relaxation times, play an exceedingly important role in
this problem. On the basis of such investigations it is possible
to obtain information on interactions of elementary excita-
tions in a system, as well as on the possible methods of con-
trolling the properties of various technical devices. Besides
the investigation of the behavior of streams of charged parti-
cles, considerable interest attaches to the motion of streams
of neutral excitations and in particular, excitons. The point
is that excitons, in contrast to free electrons and holes, are
carriers of stored energy, and their transport leads to trans-
port of excitation energy (energy fiw ~E,, i.e., a quantum
emitted as a result of recombination of the exciton, where E,
is the band gap which amounts to 1-3 eV for typical semi-
conductors). It is clear, therefore, that excitons exert a defi-
nite influence both on the distribution of the energy obtained
from the outside by optical activation, and on its transport in
the crystal. On the other hand, an investigation of transport
phenomena in an exciton system can be useful also for addi-
tional identification of the mechanisms that determine the
mobility of the free carriers, and particularly in those semi-
conductors for which there is as yet no clear understanding
of the nature of the interactions that control its magnitude
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(for example in III-V, II-VI materials and others). So far,
however, the production of controllable streams of free exci-
tons in semiconductors and the investigation of their charac-
teristics was hardly considered by the researchers. This situ-
ation differs somewhat from the situation that evolved in the
physics of molecular crystals.! Naturally, in the case of exci-
tons, since they are electrically neutral, it is impossible to set
them in motion by applying an external electromagnetic
field, but there are possibilities of producing exciton-density
or temperature gradients, of applying a nonuniform strain
field, and of other nonelectric actions that play the role of a
drawing force. The production of exciton streams by such
forces, and the promise of controlling them, is in our opinion
one of the ways of using such phenomena in technical appli-
cations. It is possible that investigations of this kind will be
useful for experimental identification of Bose condensation
of free excitons, and consequently for the observation of the
superfluidity effect, as a result of which energy transport
without loss would be ensured in the crystal.

At present there are practically no reported investiga-
tions of momentum relaxation of excitons in semiconductors
(other than Ref. 2, where exciton motion was investigated in
the field of nonuniform strain in Si in the temperature inter-
val 1.5-20 K).

We report here the first systematic experimental and
theoretical investigations of the temperature dependence of
the characteristics of a stream of free excitons in semicondu-
cors (CdS), a stream produced as a result of a density gradi-
entin the crystals. The most important characteristic of such
a crystal, as indicated above, is the diffusion coeflicient,
which is uniquely connected with the relaxation time of the
exciton momentum. In Sec. 2 are described experimental
investigations of nonstationary diffusion in a wide tempera-
ture interval 10-300 K. In Sec. 3 we consider theoretically
the mechanisms of exciton-momentum scattering. In Sec. 4
is determined the temperature dependence of the cross sec-
tion for binding electrons and holes into excitons. In the last
Sec. 5 of the article the experimental data are compared with
the conclusions of the theory, and it is deduced on this basis
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that various interaction mechanisms in the elementary-par-
ticle system contribute to the relaxation of the exciton mo-
mentum.

2. EXPERIMENTAL RESULTS

Among the first studies of nonequilibrium carrier trans-
port were the experiments, by now classics, of Haynes and
Shockely on the temporal and spatial evolution of particle
distribution in a sample after their injection stops. When
particles (in our case, excitons) are injected in a sample at an
instant of time ¢ = 0 at a point x = 0, their density n( x,?) at
an arbitrary point x and at a time ¢ is determined by the
solution of the diffusion equation

on/0t=DV*n—n/x, (1)

where D is the diffusion coefficient of the excitons and 7 is
their lifetime. Substitution of the boundary and initial condi-
tions for (1) and the procedure of solution, with allowance
for the real singularities of the investigated samples (for ex-
ample, the presence, near the crystal surface, of the region in
which the lifetime 75 of the excitons differs from its value 7,
in the volume, with 7, = 10 7¢), were carried out in Ref. 3. It
can be shown that the exciton density at an arbitrary point
x> d at the instant of time ¢ > ¢, where ¢, is the duration of
the exciting pulse, is described by the expression

n(z,t) Lz ( t xz)
2n" (D)™ w 4Dt ]’

where L, = (Dt,)"/%.

Our experiments on the determination of D were based
on the idea of investigating the time dependence of the exci-
ton density n( x,¢ ) at fixed values of x. This was accomplished
in the experiment by recording the temporal characteristic
of the exciton radiation in a zero-phonon luminescence line
whose intensity is proportional to the exciton density in a
region with thickness d ; ! near the surface, where dy is the
light-absorption coefficient. We investigated the kinetics
(see Fig. 1) of the radiation from the region of the excitation
A (x =0, observation geometry k,|| —k,) and in region
B( x = L,where L is the thickness of the sample, observation
geometry k; ||k, ), where k; and k;, are wave vectors of the
exciting and recombination radiation, respectively. It is im-
portant to emphasize that the light absorption coefficient in
a zero-phonon luminescence line of the exciton is dy ~ 10
cm™!, and the thickness of the investigated samples was

n(z,t)= (2)

L
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FIG. 1. Geometry of the investigation of the diffusion of excitons in CdS
samples by analyzing the temporal kinetics of exciton luminescence.
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L ~1073 cm. Under these conditions the radiation entering
therecording apparatus, from the exciton generation region,
when working in a k, ||k, observation geometry, is reduced
to a minimum. By virtue of the foregoing, crystal surface
regions of thickness d ' ~10~° cm are unique detectors of
excitons, with high temporal and spatial resolution. Accord-
ing to (2) the temporal kinetics of exciton radiation of a zero-
phonon luminescence line at x = 0 is determined in the ge-
ometry k, || — k. by the expression

Ix(t) |;=o°:10(Dt)_3/2 exp(-—t/rs), (3)

and in the geometry k; ||k,

LZ

4Dt ) ) “)
It can be seen from (3) and (4) that D can be determined, if 7,
7y and 7; are known, from the condition of best agreement
between the experimental dependence I (¢ ) and calculation
in accordance with (4).

The luminescence was analyzed with a DFS-24 double
monochromator and a stroboscopic system for recording the
radiation signal; the system operating speed was not worse
than 10~ sec. The exciton radiation was recorded in accor-
dance with the known selection rules® for CdS crystals. The
samples were excited by radiation from an N, laser
{Aexc =~0.337 nm) with pulse duration z,~ 1078 sec and with
peak power <10 W. The excitation intensity used in the ex-
periment should be lower than that at which the drift motion
of the exitons becomes effective. An indication of the transi-
tion from the diffusion regime of exciton motion to the drift
regime (due to dragging of the excitons by the phonons) is the
appearance of changes in the shape of the exciton-lumines-
cence pulse when the pump is varied.* The temporal kinetics
of the recombination radiation were fed to an x-y plotter and
simultaneously recorded on the screen of a memory oscillo-
scope S8-12. The monochromator separated both the funda-
mental exciton emission line and the lines of its phonon rep-
licas, whose temperature dependence was registered. In the
experiment we used perfect CdS crystals with residual-do-
nor density N, <10'> cm~3, grown from the gas phase. The
samples were placed in the chamber of a temperature-con-
trolled cryostat, and the accuracy at which the temperature
was maintained in the investigated range was not worse than
0.01 K.

Figure 2 shows the experimental temporal kinetics of
the exciton radiation at the exciton frequency in the two
indicated observation geometries. As seen from the experi-
mental data, with increasing temperature the exciton-radi-
ation pulse is broadened at k; ||k, and the time delay of the
signal maximum relative to the instant ¢;, corresponding to
the initial excitation pulse increases. Starting from (4), it can
be shown that

D=1/ L?Ty (£ otuty) ™, (5)

t
Iz () |emr< I (Dt) " exp (— e
Ty

where ¢, is the time delay between the instant £, and the
time corresponding to the maximum of the exciton radiation
at k, ||k, . On the other hand, it is known that

D=1,T/m,, (6)
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FIG. 2. Temporal kinetics of exciton luminescence in transmission geom-
etry—a(T'=T70K),b(T'=60K),c(T=40K),d (T =20K), and in
reflection geometry—e; solid lines—experiment, dashed—theory in ac-
cordance with Eq. (4).

where 7, is the exciton momentum relaxation time, T is the
temperature in energy units, m, = m, + m, is the effective
mass of the exciton, m, and m, are the effective masses of the
electron and of the hole. Taking (5) into account, we obtain
then

To="/ LTy m T~ (4,24 st Ty) . (7)

It can be seen from (7) that to determine the value of D from
the data of Fig. 2 it is necessary to measure L, 7,, ¢, and 7.
The position of the instant of time #;,, was chosen by approxi-
mating the real bell-shaped excitation pulse by a rectangular
pulse of duration ¢, and having an energy (area) equal to the
energy of the real pulse; the exciton of radiation pulse at
k; || — k. practically duplicated the shape of the excitation
pulse. The sample thickness was measured with an MBI-15
microscope capable of measuring the thickness L accurate to
+ 2 um, and was also determined from the Fabre-Perot in-
terference pattern (in the case of plane-parallel samples in
the region of weak dispersion of the refractive index. The
temperature was measured with a resistor made of compen-
sated Ge. The value of 7, was measured by the following
three independent methods: by determining the damping
constant of the exciton luminescence on the photon replica
line X-LO in single-photon and two-photon excitation, and
by analysis of the behavior of the damping of the exciton
luminescence on the fundamental line (Fig. 2) as #—> . In-
deed, recognizing that the absorption coefficient d ., ,, of the
light on the X-LO line is of the order of 10> cm ™, we find
from (2) that the density on the line

Iz-zo(t) o j n(z, t) drool e/, (8)
v

i.e., the emission from this luminescence line yields integral
information on the total number of excitons in the sample
and on its time variation. In the case of two-photon excita-
tion, however, uniform volume generation of excitons takes
place. We note that the values of 7, determined by the two
indicated methods differed at a given temperature by not
more than 5%. On the other hand, analysis of the experi-
mental data of Fig. 2 in accordance with (4) as t— o0, when
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FIG. 3. Dependence of the momentum relaxation time on the tempera-
ture. For excitons: points 1) experiment; curve 2) theoretical dependence
with allowance for the action of the scattering mechanisms on the acoustic
and optical phonons; For electrons: points 3 from Ref. 6.

Iy (t)atx = L varies likeexp( — ¢ /7,/), yields somewhat larg-
er values of 7, than in the preceding two cases (the differ-
ences do not exceed 15%). The indicated methods were used
to determine the value of 7, for each of the investigated
temperatures in the range 10-300 K. Taking the foregoing
into account, we determined the value of D and next also 7,

from (5) and (7). These parameters were determined also by
comparing the waveform of the radiation pulse (Fig. 2) with
calculation in accordance with (4). The obtained values of 7,

in the investigated temperature range are plotted in Fig. 3.
From an analysis of the behavior of the experimental values
of 7, (T") one can clearly distinguish two segments with differ-
ent temperature dependences. To determine the character of
the interaction processes that cause the momentum relaxa-
tion in the exciton system, we proceed to consider different
types of interaction between the excitons and the scatterers.

3. THEORY

A change in the exciton momentum takes place when
the exciton interacts with different scatterers such as impuri-
ties, phonons (acoustic or optical) and others. Recognizing
that in the case of free carriers at low and high temperatures
scattering by phonons is predominant,>® we calculate the
value of 7, corresponding to the interaction of the excitons
with the acoustic (4 ) and longitudinal optical (LO) lattice
vibrations. It can be assumed beforehand that scattering by
A phonons is substantial at low crystal temperatures, and
scattering by LO phonons at sufficiently high ones.

Since CdS is a piezoelectric, the acoustic vibrations of
the lattice act on the charged carriers and on the excitons in
two ways: by producing piezoelectric fields and deformation
potentials. Let us calculate the value of 77 due to action of
piezoelectric fields on the excitons.

The operator of the piezoelectric interaction of the exci-
ton with the phonons is of the form

= Y (Crae ™ bagCrrae™ brg*), ©)
iv,q

where the index j = 1 corresponds to the electron, j =2 to
the hole, 7; is the radius vector of the electron or the hole,
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TABLE I CDS crystal parameters used in the calculations

[26] 26] [
127] 28] )]

—%l?— %ﬁ o Koo °; cm/sec | s cm/c | Bx*. ch.un.

CGS/cm’

0.2 | 1 l 9 l 5,86 l 4,3-105 1.8-105 1.47-105

17 {1

By*. ch.un, Bic*. choun. B oyl nBY | et A28
CGS/cm? CGS /cm® ’ g/em’| M0LO: eV ev
—0,75-105 l —0.63-105 2 482 0.038 0.028

* Bss=Ra.s3; Bau=Bs.i=Bs2; ﬂxs=ﬁma=ﬂl.:l=B:,23=ﬁ2-32~

b, 4 and b, are the operators of annihilation and creation of
an acoustic phonon of the branch v with wave vector g; next,
according to Ref. 7

23'(85“'";,

7
C,v = __1 i+t [ -
m(—1) KmnGmdn | 2V op0, (q)

Y2
] ga (e (q) grten(q) gy),

where e is the electron charge, S, ., is the tensor of the pie-
zoelectric moduli, x,,,,, is the dielectric-constant tensor, ¥V is
the normalization volume, and p is the density of the crystal;
o, (q) and e, (q) are the frequency and the polarization vector
of the phonon branch v with wave vector q. The exciton
momentum relaxation time 7, can be calculated by a meth-
od used, for example, in Ref. 8 to calculate the exciton-scat-
tering probability. As a result we obtain

e*T'm,"

" = preE

Y (Ka), (10)
where E = #°K 2/2m, is the kinetic energy of the exciton, K
is the wave vector of the exciton,

H (Ka)=2 {dy yF (Kay), (11)

24 ~2 24 =24 2
F(z)= {[1 + (i"-z) ] - [1 +(ﬂz) ] } . (12)
me m,

a = #x,/ue’ is the exciton radius, y is the reduced mass of
the exciton, and x, is the low-frequency dielectric constant
of the crystal.

The dimensionless factor Y from the right-hand side of
(10) was obtained as a result of averaging over the angles that

determine the direction of q relative to the crystallographic
axis, the sum

1 ZRﬁaM 2
Yig=) lim —¢a e,
Z LI @) femgng Lo @ ot en@a |

v, (q) is the sound velocity of the branch v. Replacing this
sum by the average value, we use the same approximation as
in Ref. 7 for the calculation of the mobility of electrons in
CdS. Calculating Y by the same method as in Ref. 7 and
using the parameters of the table, we obtain ¥ = 2.68-10~2.

We note that the reciprocal exciton momentum relaxa-
tion time (10) differs from the probability of scattering of the
exciton as a whole in that account is taken of the arrival
processes in the kinetic equation (see, e.g., Ref. 9, p. 466). For
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comparison, we present the result of Ref. 7 for the reciprocal
time of electron relaxation
erTm," _
Y
2 /:nﬁZE 2

(Tpe )™t = (13)

For the case of thermodynamic equilibrium of the exci-
tons (or electrons) with the lattice, which we consider here,
we shall assume

E=*/,T. (14)

For electrons we then find from (13) that 757 « T ~"/%. The
line 5 in Fig. 4 corresponds to Eq. (13) with substitution of
(14). Expression (10) contains the exciton factor % (Ka),
which depends on two parameters, Ka and m,/m,. Under
the condition m, = m, we have J"(Ka) =0, i.e., complete
cancellation of the interactions of the electron and of the
hole with the piezoelectric field. The parameter Ka can be
treated as the ratio of the exciton radius to the characteristic

Tp, sec
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]”-/I
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Z 3 10 20 S50 1007200 500 1000 TK

FIG. 4. Results of theoretical analysis of the momentum relaxation of
excitons: 1) scattering of excitons by LO phonons in accordance with (23);
2) summary curve for momentum relaxation on optical phonons [with
allowance for scattering (20) and decay (27)]; 3) exciton momentum scat-
tering due to decay in accordance with (27); 4) scattering by LO phonons in
accordance with (20); 5) electron momentum scattering by 4 phonons, due
to interaction via the piezoelectric field (13); 6) exciton scattering by 4
phonons, due to interaction via the piezoelectric field (10); 7) asymptotic
curve for the scattering of excitons by 4 phonons (piezoelectric interac-
tion) (17); 8) exciton scattering by 4 phonons, due to interaction via the
deformation potential (19); 9) resultant dependence of the exciton momen-
tum relaxation (28).
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wavelength of the acoustic oscillations that interact with the
exciton (indeed, the wave vector of the acoustic phonons in-
teracting with the excitons varies in the range from 0 to 2 K).
We note that ¥"(Ka) is, according to (11), always smaller
than unity.

Calculating the integral in the right-hand side of (11),
we obtain

K (Ka)=(Ka)2[®(Ka)—D(0)], (15)
where
—_— nd _ 712‘ _ 2,0 2
e e R e
2 n+z 1 1 1
X — -
{ (n:—n.)° g Ntz (flz'—'flt)z[ Ntz 712'*'.7-2]}
(16)

ne=(m,/m)? Ne=(m./m;)>.

In Fig. 4, curve 6 describes the 7%(T") dependence obtained
with the aid of (10) and (15) with substitution of (14) and
using the parameters of the table. In the limiting case Ka <1,
which corresponds to the case of lower temperatures,” we
have

(7)) ' =~

T} 2 — 2 iy
7_2?6 me( my,—m, ) TE (17)

3n A u AE’
where AE = pe®/2#%x}. Thus, at low temperatures we ob-
tain 754 ~T ~%/2 for excitons that are in thermodynamic
equilibrium with the lattice. In Fig. 4, this dependence corre-
sponds to the line 7 plotted with account taken of (17) and
(14). Comparing (10) and (13), we obtain

TPePA/TPPAr' (me/mi) Il’t# (Ka) . ( 18)

At Ka<1 we have %" (Ka)«1 [see (11)], i.e., the scattering of
the excitons is much weaker than the scattering of the elec-
trons. The physical cause of this is obvious: if the wavelength
of the lattice vibratations exceeds greatly the exciton radius,
the exciton reacts to the piezoelectric field of the lattice as an
almost pointlike particle with zero charge and zero dipole
moment. At a certain value of the parameter Ka, of the order
of unity, the factor % (Ka) reaches a maximum of the order
of unity, and relation (18) can even exceed unity somewhat,
as is in the fact the case for CdS (see Fig. 4), since (m,/
m,)"/?2=2.46. With further increase of the parameter Ka, the
value of J%"(Ka) again begins to decrease. However, the re-
gion Kay 1 corresponds to relatively high temperatures such
that the interaction of the excitons with the LO vibrations of
the lattice predominates.

The exciton-momentum-relaxation time 74 due to the
action of the deformation potentials was first calculated in
Ref. 10. The value obtained for the condition Ka<1 was

Y2(E,—E,)*Tm>E"

(T DAY -1 ~
»") npv,*h

) (19)

where E, and E, are the constants of the deformation poten-
tial for the electrons and holes, and v, is the speed of the
longitudinal sound. The line 8 in Fig. 4 corresponds to the
results (19) with substitution of (14) (see the table). Equation
(19) is applicable in the case of low temperatures (see foot-
note 1). It is possible in principle to determine the exact
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ff,"(T ) dependence for any temperature, but this calls for
knowledge of the values of E, and E, separately, and not
only of the modulus |E, — E,|, which enters in (19). To our
knowledge, the constants £, and E, have not been deter-
mined experimentally to this day. In addition, the construc-
tion of the exact plot of 72(T') is not essential, since the
action of the piezoelectric fields on the exciton is much
stronger in the entire temperature region where scattering
by acoustic phonons predominates (compare line 8 and the
curve 6 in Fig. 4).

It is important to emphasize that when calculating the
exciton momentum relaxation time it is necessary, generally
speaking, to take into account not only the process of exciton
scattering without change of their internal state (analogous
to the processes of scattering of electrons and holes), but also
decay processes, i.e., transitions of excitons into states be-
longing to the continuous energy spectrum, as well as pro-
cesses of scattering with transition into the excited states of
the discrete spectrum. Just as the scattering of the exciton as
a whole, transitions with change of the internal state lead to
relaxation of the exciton momentum, since they are accom-
panied by absorption or emission of acoustic®'""'? or opti-
cal'>!5 phonons.

Decay by the action of acoustic phonons is possible only
under the condition E>AE, inasmuch as in exciton decay,
just as in scattering by 4 phonons, the energy transferred to
the exciton from the lattice vibrations is very low. The condi-
tion T >AE for CdS means T >325 K. At such tempera-
tures, the interaction of excitons with LO photons predomi-
nates (see below), so that decay processes due to interaction
with 4 phonons are inessential in our case.

For scattering by A-phonons with transition of the exci-
tons into excited states, the energy threshold'? is somewhat
lower (E>(3/4)AE ), butin the case of CdS it also corresponds
to the temperature regions where the interaction with the 4
phonons is not at all significant.

Let us calculate the relaxation time 7, of the excitons
as they interact with longitudinal optical (LO ) lattice vibra-
tions. The scattering of an exciton by LO phonons was first
considered in Ref. 16. In Ref. 17, when calculating the prob-
ability of exciton scattering by LO phonons use was made of
the Frohlich interaction'® and the case considered as
AE>#w; ,, where w;, is the maximum frequency of the
long-wave LO vibrations. We use the results of Ref. 15,
where the probabilities of scattering and decay of excitons on
LO phonons were calculated at arbitrary temperatures and
at an arbitrary ratio of fiw,, to AE. For the probability of
scattering with absorption of an LO phonon we have'*

W0 = _a?eg:_o N (7, B) Itg; (20)
where
e2
= (e e™) &)
Lole

is the coupling constant of the excitons with the LO phon-
ons, x _ is the high-frequency dielectric constant, I, = (A/
2m,w;)'/?is the characteristic length, which can be treated
as the reciprocal wave vector of an exciton with kinetic ener-
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gy E= ﬁwl,o,
E=E/Aw®Lo, No=(etoro/T—1) -1,
Ae (D) =A(E £ (E+1)™)?,

mhioLo
A=—— = 2
4mz AE ’ ﬁ (mz/mi) ,
and ¢(4,B) is a function defined in Ref. 13. Curve 4 of Fig. 4
describes the dependence of (W% ~! on T in accordance
with (20), with substitution of (14) and using the data in the
table. For the case of low temperatures

T<horo, (22)
we obtain from (20)

W 50520, 000"/ F (a/21,). (23)
At temperatures (22) we have for electrons and holes'®

Wst"=2at;mLoe"“"W’T; j=1, 2, (24)

where a; is the Frohlich constant for the electrons or holes
and differs from a, (21) in that m, is replaced by m;. The
quantity F in (23) depends on the parameters m,/m, and a/
21, = (m #iw; o /4uAE )2 At temperatures (22), the wave
vector of the LO phonons that interacts with the excitons lies
inanarrow interval near / .~ ! (Ref. 15). Therefore the param-
eter a/2l, is of the order of the ratio of the exciton radius to
the wavelength of the LO phonon that interacts with the
exciton. If m,~m, or a/2l, €1, we get F£1 because the ac-
tion of the electric field produced by the LO vibrations on the
electron is almost completely cancelled by the action of the
same field on the hole.? In the case of CdS, however, the
values of m, and m, differ strongly enough, and the param-
eter a/2l, =1.56, so that Fis of the order of unity. Using the
table, we find F = 0.545. Curve 1 of Fig. 4 is a plot of
(WL°)~1ys T in accordance with the approximate formula
(23). Comparing the theoretical curves 4 and 1, we see that
the approximate expression for the case of low temperatures
describes well the dependence of (W £°)~!on Tup to 300K,
where T /fiw; o ~0.67, and

t=E/ho1o~3T/2howo~1.

It is shown in Fig. 18 that at the value of T from (22) the
arrival processes do not influence the electron relaxation
time 752 i.e., that 7. = (W 5°)~' apart from small correc-
tions (a similar result was essentially obtained even earlier in
Ref. 19). The same proof of the small influence of the arrival
processes is valid also in the case of exciton scattering at the
value of T from (22). Since the approximation (23) yields
good results in the entire investigated temperature range, we
assume that the arrival processes, which are the inverse of
the scattering of the exciton as a whole, have little effect on
75 at T<300 K.

In the calculation of 7-€ it is necessary to take into ac-
count the exciton-decay processes.'’ We shall assume (with-
out proof) that the arrival processes, inverse to decay (i.e.,
binding of electrons and holes into excitons), have likewise
little effect on rjo, just as the arival processes inverse to exci-
ton scattering as a whole. We therefore assume
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(Tpm) —iNWsLO_*_WdLO’ (25)

where W L9 is the probability of the transition of an exciton
from the ground state n = 1 to states belonging to the contin-
uous energy spectrum of the relative motion of the electrons
and holes. In the right-hand side of (25) we have discarded
the sum =, W, where W is the probability of exciton
scattering with transition from the ground state (» = 1) into
an excited state (n = 2,3,...) belonging to the discrete spec-
trum of the internal energy of the exciton (see Refs. 12 and
14). We assume that the discarded sum is small compared
with WL° 4 WLO (cf. the results obtained in Ref. 14 for the
case m,/m, = 5, which pertains to transmissions with emis-
sion of LO phonons). By disregarding in the right-hand side
of (25) the probabilities of scattering with transitions into
excited states of the discrete spectrum, we overestimate
somewhat the theoretical values of 7,.
In Ref. 15 there was obtained the expression

Fo=a ooNow, ™™ (L), (26)

where w3™(£ ) is expressed in the form of a sum of double and
triple integrals (the latter corresponds to the interference
contribution to W 59). Since these integrals were not accura-
tely calculated for the values of § in the interval from O to 1
(this can apparently be done only with a computer), the prob-
ability W L9 as a function of T was determined theoretically
less accurately than WL9(T). To estimate the integrals we
used an approximation that is valid at {<1. In the upshot we
obtain the result for CdS

W #0~0.920, 010 (€™ T—1) ~, (27)

corresponding to curves 3 of Fig. 4.

Summing the contributions of the scattering (20) and
the decay (27), we obtain curve 2 of Fig. 4. Finally, curve 9 of
Fig. 4 describes the resultant theoretical temperature depen-
dence of 7, with allowance for scattering (due to piezoelec-
tric fields) by 4 phonons, and for scattering and decay on LO
phonons, i.e., the quantities

Tp=[ (1574) '+ (1) ] 7, (28)

with (774)~! calculated in accordance with (10) and (7,;°)~"
in accordance with (25) using (20) and (27).

Scattering of excitons by charged impurities yields the
following contribution to the reciprocal exciton momentum
relaxation time, calculated in the Born approximation:

app-h 3
2nNe‘E J~ d

%02 Vzmc
0

y'F (Kay)
[y*+ (2Kr) ]

(™)'=

(29)

where N is the impurity density, r, = (T /4mnqe?)"/? is the
screening radius, n, is the carrier density, and F (z) the func-
tion defined in (12). The density of the charged impurities in
the investigated samples apparently does not exceed
N = 10" cm 2. If we put n, = N = 10"° cm~?, the param-
eter that characterizes the degree of screening of the charged
impurities is (2K7,) ~><1 even at 10 K, so that the screening
can be neglected. In the limiting case of low temperature
under the conditions Ka <1 (see footnote 2), we obtain from
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(29)

(&)~

2nNe'E™ ( m,—m, )2 (30)

%.* (2me) " (AE)? u

Substituting (14) and using N = 10'° cm~? and the data in
the table, we obtain at 10K, accordingto (29), 75 =3.3-10~ "'
sec. Thus, owing to the cancellation of the interactions of the
electrons and the holes that make up the excitons by the
charged centers, the exciton scattering by the impurities be-
comes considerably weaker precisely at low temperatures,
where the interaction of the carriers with the charged impur-
ities can be substantial. Since the quantity 7, ~3.3-107"" sec
exceeds the experimental value of 7, at 10 K, we conclude
that the interaction of the excitons with the impurities does
not influence significantly 7, (T') in the investigated CdS sam-
ples.

4. DETERMINATION OF THE CROSS SECTION FOR BINDING
ELECTRONS AND HOLES INTO EXCITONS

At sufficiently high temperatures, when the exciton de-
cay probability exceeds their reciprocal lifetime, a thermo-
dynamic equilibrium is established in the crystal between the
systems of the excitons and the free electrons and holes. Un-
der equilibrium conditions, the following relation is valid®

_ @2n)* AW,

R
where o is the mean-temperature cross section for binding of
electrons and holes into excitons. Using the experimental
data for W, we determine in accordance with (31) the bind-
ing cross sections as functions of temperature.

The experimental values W §® are obtained by subtract-
ing from the experimentally obtained (7, )" the theoreti-

cally calculated contributions of the scattering processes,
ie.,

eAE/T’ (3 1)

VV:XP = (TP_’) P —1,,7Y, Tps '= (TPPA) '+ (T:so )

where (7;4)" is defined in (10), and (752)~' = WL is de-
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FIG. 5. Dependence of the cross section for binding of free carriers into an
exciton on the temperature: 1) experimental values of o; 2) theoretical o{T')
dependence; 3) lifetime of exciton relative to its decay into a free electron
and a free hole upon absorption of an LO phonons (27); 4) experimental
dependence of the lifetime 7 of an exciton on the temperature, T *) bound-
ary of temperature region T> T * in which the conditions of thermody-
namic equilibrium is satisfied for the process of binding of free carriers
into an exciton.
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fined in (20). The experimental o(T") dependence is shown by
curve 1 of Fig. 5. It was plotted for the temperature range
from 80 to 300 K, inasmuch as at lower temperatures the
contributions of the decay processes to the total value of 7, !
are small (see Figs. 3 and 4) and cannot be separated. The
theoretical curve 2 of Fig. 5 is a plot of Eq. (31), in the right-
hand side of which we substituted the theoretical values of
W L9 calculated in accordance with (27).

We note that expression (31) with substitution (27) de-
scribes the cross section for binding accompanied by emis-
sion of an LO phonon, since this process is the inverse of
decay with absorption of an LO phonons. Since W, « N,, the
right-hand side of (31), following substitution of (27), is pro-
portional to

Nyexp (AE/T)=(Ny+1) exp [— (Aoro—AE)/T],

which corresponds to the mean-temperature probability of
binding with emission of an LO phonon, which has an energy
threshold E>fiw;, — AE (Ref. 20). Thus, the theoretical
curve 2, which has a maximum, corresponds to the tempera-
ture dependence

6o T-2(N,+1)exp (— _ﬁ_a),:g]j_-A_E) .

The contribution of processes of binding with emission or
absorption of 4 phonons to o is relatively small, at any rate in
the interval from 80 to 300 K, and possibly also at lower
temperatures. Binding into an exciton in the case of interac-
tion with 4 phonons calls for multiple interaction until the
pair energy becomes lower than T (Ref. 21). This process is
effective in materials with low energy of carrier binding into
an exciton (for example, in Ge, Ref. 22). If the binding energy
is such that

ﬁ(o;,o——TzAE/nz,

(32)

n = 1,2,... (asin the case of CdS), the interaction with the LO
phonons becomes decisive in the carrier binding into an exci-
ton. A similar picture is apparently typical also of the situa-
tion where an electron is trapped by a deep attracting center,
with emission of an optical phonon.?® The reason is the fol-
lowing.

The interaction of excitons with LO phonons in CdS is
very strong, since a, ~ 1.24; the exciton radius is compara-
ble with the wavelength of the absorbed phonons, and the
difference #iw;, — AE is small—it corresponds to a tem-
perature 116 K. Scattering of excitons by 4 phonons can
predominate only at temperatures so low that the number of
LO phonons is exponentially small (see Figs. 3 and 4). In the
case of binding of electrons and holes on LO phonons, how-
ever, the factor

exp (_h(DLo/T)

is replaced by the factor
exp [— (hﬁ)Lo—AE) /T]

[see (32)], therefore the limiting temperature, cooling to
which makes the interaction with the A phonons substantial,
is lower for binding processes than for exciton-scattering
processes.
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5. DISCUSSION OF RESULTS AND CONCLUSIONS

We proceed now to compare the theoretical results of
Sec. 3 with the results of investigations of nonstationary dif-
fusion of excitons in CdS at temperatures 10-300 K. The
theoretical calculations show that in this temperature re-
gion, in sufficiently pure crystals, the main contribution to
the exciton-momentum relaxation processes is made by the
interaction with the phonons (acoustic and optical). In the
region T < 60 K, as shown by results of the theoretical analy-
sis, the most effective relaxation mechanism is scattering by
acoustic phonons, due to the piezoelectric interaction of the
excitons and phonons. At temperatures 60 K <7< 130K, a
characteristic region is observed, in which a mixed mecha-
nism of scattering by piezoacoustic and optical phonons is
realized. In the region T'> 130 K, interaction of excitons
with LO phonons predominates, and the scattering of the
excitons as a whole and their decay give approximately equal
contributions to 7,~ '. Calculation of the contribution of the
deformation interaction to the probability of exciton scatter-
ing by A phonons has shown that this contribution is small
compared with the contribution of the piezoelectric interac-
tion in the temperature interval from 10 to 300 K.

Comparing the interactions of the excitons with the
phonons with analogous processes for free carriers (electrons
and holes) we find that the former have distinctive features.
First, allowance for the internal structure of the electrons
calls for an analysis of the possibility of its decay when inter-
acting with LO phonons. Second, the finite size of the exci-
ton as a particle leads to a different temperature dependence
in the limit of low and high temperatures for the scattering
by A phonons. The analysis of these interaction processes
leads to the resultant theoretical 7, (") curve shown in Fig. 3.
As can be seen from a comparison of the experimental data
with this curve, the agreement is on the whole satisfactory
both for the functional dependence 7,(7T) and quantitative
agreement of the results of the theory and the experiment. It
must be emphasized that, as can be seen from (10), (20), and
(27), this agreement was obtained without using any adjusta-
ble parameter (all the necessary parameters of the samples
were determined directly in experiments, see the table). It is
of interest to compare the results of investigations of the
temperature dependence of the electron mobility in n-CdS
(Refs. 5, 6) with the corresponding results for excitons. As
seen from Fig. 4, at low temperatures the value of 7, for
excitons depends on the temperature like 7' ~>/2 (for elec-
trons, like T ~'/?), this being due to the increase of the wave-
length of the phonons interacting with the exciton when the
temperature is lowered, and to the cancellation of the polar
character of the interaction with the acoustic phonons (inter-
action via the piezoelectric field). In the region T >30 K, the
7,(T") dependence for excitons approaches that for electrons;
at T'> 130 X its character is determined by the interaction
with the LO phonons [7, « exp(fiw,o /T)]. It must be noted
that at high temperatures, the experimental values of 7, for
the excitons are somewhat lower than the corresponding val-
ues of 7, for electrons (see Fig. 3), in agreement with the
prediction of the theory. Indeed, comparing Eq. (23) for exci-
tons with expression (24) from Ref. 18 for electrons and
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holes, and using the data of the table, we hav
W 2o/ W =0.545 (mo/m;)". (33)

It can be seen from (33) that scattering of excitons by LO
phonons is somewhat more effective than scattering of elec-
trons, and is somewhat less effective than scattering of holes
(the contribution of the exciton decay on LO phononsto 7, !
should even strengthen the inequality 7, <7,.). From the
comparison of the experimental 7, (T") dependence with the
theoretical one it can also be concluded that in interaction
with LO phonons allowance for exciton decay into free elec-
trons and holes is also important. The fact that the best
agreement between theory and experiment is realized pre-
cisely when account is taken of both scattering of the exciton
as a whole and of its decay leads to the conclusion that the

two exciton-momentum scattering processes make approxi-

mately equal contributions to 7, .

Analysis of the experimental and theoretical data for
CdS, carried out in Sec. 4, allows us to estimate, in order of
magnitude, the cross section for binding electrons and holes
into excitons in the temperature interval from 80 to 300 K
(see Fig. 5); this cross section turns out to be quite apprecia-
ble (0 ~10"" cm? at 80 K, which is comparable with the
corresponding data of Refs. 24 and 25). It makes it also possi-
ble to show that the predominant contribution to the cross
section is made by binding processes with participation of
LO phonons, at least in this temperature region.

We are grateful to O. N. Talenskii for supplying the CdS
samples for the experiments and U. Parmanbekov for help
with the measurements.

UThe parameter Ka = (Em,/AEu)'’?, where AE is the binding energy of
the exciton in the ground state. Since in the case of CdS we have the ratio
m, /j~1.2, the condition Ka S 1 corresponds to the requirement 7' 30

2In Ref. 17 is considered the case a/I, €1, so that according to that refer-
ence the probability of exciton scattering by LO phonons is less the prob-
ability of scattering by LA phonons.

3In the derivation of (31) we did not take into account the transition of
excitons into excited states of the discrete spectrum and their inverse
transitions from excited states to the ground state. It appears that these
probabilities are small compared with the decay probability (see Refs. 12
and 14).
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