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New experimental results of photoluminescence of CdS at He temperatures suggest two alter-
native - models for the fate of an exciton in CdS. The models, presented below, include exciton-
exciton interactionand explain in a self-consistent way all known experimental facts. One model
assumes that the low over-all luminescent efficiency of CdS at low temperatures is due to the
existence of a large concentration of nonradiative traps; it predicts a rate constant of 3x10-1°
cm? sec™! for the trapping of excitons at traps giving rise to bound exciton luminescence, and
a rate constant of 3 X10~13 cm? sec™! for exciton-exciton interaction which gives rise to lumines-
cence. The alternative model assumes that the over-all loss in excitation is caused by the process
of formation of excitons from electron-hole pairs, Itusesonly known radiativetraps, and predictsa
rate constant for exciton-exciton interaction of 5x10~7 cm?® sec™! and a rate constant for trapping
of excitons at radiative traps of 3x10~7 cm3 sec™.
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1. INTRODUCTION

At helium temperatures the photoluminescence
of CdS normally consists of a series of sharp lines
near the band edge (the most prominent I; and I,
being associated with bound-exciton decay), and a
series of broad green bands at lower photon ener-
gies. Recently, it has been found!'? that under in-
tense illumination in the range 1-100 kW cm™ an
additional luminescence feature M appears, the
sharp bound exciton lines I, and I, “saturate” and
the broad green bands are not visible at all. Figure
1 shows the relevant experimental results.

The additional luminescence feature M appears
under conditions which should favor high concen-
trations of free excitons. It appears in three sub-
stances: CdS, CdSe, and ZnO, and its position is
shifted in each case from the free-exciton energy
by about an exciton binding energy. It was there-
fore proposed that the additional luminescence is
due to an exciton-exciton interaction in which one
exciton, gaining energy, scatters into a higher ex-
cited exciton state and the other exciton, losing
energy, becomes “photonlike. ”

In the meantime Henry and Nassau® reported the
first reliable measurements of the lifetimes of the
I, and I, bound exciton lines in CdS, Also measured
were the times it takes a free exciton to get trapped
(“trapping time”) at I, or I, sites. In addition, it
was suggested that the I, and I, excitons decay pre-
dominantly by luminescence, i.e., their lumines-
cence efficiency was almost 1. This is surprising
in view of the low over-all luminescent efficiency
of CdS at He temperatures.“ These measurements
were performed at low-intensity levels.

Taken together, these new data suggest two dif-
ferent kinetic models for the fate of free excitons
in “good” quality CdS at He temperatures. Both
models are self-consistent, in that they explain
all presently known experimental data, They cover
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the low-intensity excitation level as well as the on-
set of exciton-exciton interaction at laser excitation
levels. Finally, the models predict values for the
rate constant of free-exciton trapping at I, I type
traps and the rate constant for exciton-exciton in-
teraction. The predicted values of the rate con-
stant for exciton-exciton interaction differ substan-
tially for both models.

The kinetic models to be described neglect com-
pletely the well-known “green emission. ” This
emission is not observed at high levels of excitation
by pulsed lasers and, in fact, is not expected for
the reason that the centers involved occur in con-
centrations of order 10'°-10'® cm~? and decay®
with the relatively long lifetime 10~7 sec. Hence,
these centers are rapidly saturated and represent
a negligible decay channel for excitation rates in
excess of R =10%* photons cm™?® sec™!, an intensity
2 orders of magnitude lower than used in the laser
experiments,z Even at low excitation levels, the
green emission is only approximately comparable
in intensity to the 7, and I, emission,

II. KINETIC MODEL A

This model contains two crucial assumptions
which must be tested by further analysis and experi-
ment: One is the assumption that all electron-hole
pairs, created by the absorption of light, form free
excitons first. Second is the postulate that there
exists an efficient exciton trap which dominates ex-
citon trapping and which makes the excitons decay
nonradiatively and rapidly. This hypothesis is in-
troduced initially to explain the known over-all lu-
minescence efficiency? of even “good” CdS platelets.
Once introduced it leads also to plausible values for
all other parameters,

The model assumes, then, that each absorbed
photon leads to the creation of a free exciton in a
time short compared to the lifetime or trapping
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FIG. 1. Luminescence spectra of CdS for intense laser
illumination. Band M becomes prominent at higher exci-
tation levels. The lowest curve shows, on a displaced
intensity scale, the continuously recorded, conventional
photoluminescence. [See Douglas Magde and Herbert
Mahr, Phys. Rev. Letters 24, 890 (1970).]

time of excitons, The free exciton can undergo four
major processes as shown in Fig. 2. The exciton
may be trapped, with rate constant &y by traps of
concentration Nyg; nyg of these are occupied. These
traps deexcite the exciton without radiation. The
exciton may be trapped by traps of the kind which
give rise to I; and I, bound-exciton lines. Let the
rate constant be k5 and the total concentration Ng;
ng of these are occupied. Finally, we must allow
for exciton-exciton interaction, A free exciton may
scatter (inelastically) from another free exciton
with a rate constant k., . Let n, be the free-exciton
concentration. Free excitons may interact with ex-
citons bound to radiative traps with a rate constant
kss. Free excitons may also interact with excitons
bound to nonradiative traps, rate constant &/, .

The rate of change of exciton concentration is then

given by
dny Eyr (N )
-a—t—=R—kR(NR—nR)nf_ v Wyr = Nygr) Ny

(1)

2 ’
—Repnf —ResNpng —Ri Nyphy .

R is the rate of absorption of photons in cm™%sec™?!,
which by assumption is the rate at which free excitons
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are created,.

Trapped excitons may decay with rate constant 2,
emitting luminescent radiation (lines I;, I,) with
efficiency . The fraction 1 - « of trapped excitons
ng may decay nonradiatively, most likely through
an Auger process.® The rate of change of the con-
centration of “radiative” traps is then given by

dng

dt @)

=kg(Ng—ng) ng—kpyngn, —kong.

Exciton-exciton interaction (Fig. 2) may lead to
a scattering process in which one exciton is scat-
tered into a higher excited exciton state, whereas
the other one is scattered to lower energy. The
lower-energy exciton is photonlike, and will leave
the crystal as a luminescence photon (band M;

Fig. 1). Exciton-exciton interaction may also lead
to nonradiative deexcitation of one exciton; the
other exciton gains the energy of the first and is
excited high into the continuum (Auger process).
Let the ratio of luminescent (M band) to the total
exciton-exciton scattering be B.

Finally, in Fig. 2, occupied traps may scatter
free excitons, In one type of process, similar to
the one which gives rise to band M, the trapped
exciton is raised to a higher excited state or ionized
state, whereas the free exciton is scattered to a
photonlike, lower-energy exciton state. This
lower-energy exciton leaves the crystal as a “lu-
minescent” photon. Another possible process is
the deexcitation of the free exciton and the excitation
of the trapped exciton high into the continuum (Au-
ger process).

Under the conditions of the experiments quoted
above?® the excitation time was longer than the
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FIG. 2. The fate of free excitons: schematic display
of possible interaction of free excitons with unoccupied
traps, other free excitons and trapped excitons (occupied
traps). Rate constants (k) and concentrations (N, n) are
as indicated. Also indicated are possible deexcitation
mechanisms, their rate constants (%), and the fraction
of radiative deexcitation (a, B).
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trapping or radiative decay time of excitons. We
shall therefore look for steady-state solutions, i.e.,

oy _dng
dt dt ’

In solving the rate equations it was assumed that
the nonradiative traps are not saturated under the
conditions of the laser experiments, i.e., Nyp
>nygr. It was also assumed that the interaction
of free excitons with excitons bound to traps could
be neglected compared to the trapping of free ex-
citons at traps (yg Ng >k, ng, kfy #yp). In addi-
tion, it was assumed that 2y >%;,. A discussion
of the possible implications of these assumptions
and a derivation of a solution to the rate equations
without these assumptions is given in Appendix A,

Solutions of the rate equations for steady-state
condition leads then to

R kgNp+kygNyr %

Ngkg kgNg 1-x
2
1y = FezRo ) [ x (3)
krNgkg ) \1-x
and
ko X g
Ne="T"7 ;s X=7". (4)
f kR 1-x R
As long as
kpNg+kyp Nyg . X
krNg 1-x
and
ko
kgrNgkp

the second term in (3) can be neglected. Appendix
B shows that, for the experimental conditions of
the laser experiments of Ref. 2, the second term
is actually small. In this case,

R kpNp+kypNp X (5)
Ngko  kgNg 1-x ’
ng=R/ (kg Ng+kyr Nyz), (6)

and
ng =Ng R/[(kpNg+kygNyg) (ko/kr)+R] .
(7

The observed luminescence intensity due to trapped
excitons (lines I,, I,) is given by the rate of emis-
sion of I,-, I,-band photons:

dNIp Ig
dt

=a kyng
o R
(kR Ng+kygNyg)/ kg Ng+R/koNg

(8)
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The luminescence observed in band M due to ex-
citon-exciton interaction, that is, the rate of emis-
sion of M-band photons, is given by

dN, 2 R?

“at PR =B ke e e N ©)
a and B are the fraction of radiative deexcitation
of traps and of exciton-exciton interactions which
produce luminescence, respectively.

Equation (8) predicts a linear rise of lumines-
cent intensity with excitation intensity (R) at low
values of excitation, and saturation of luminescence
emission at high values of R with a value of
(dZVI 1! 2/dt)saturat ion = a/kONR'

Equation (9) predicts a quadratic dependence of
luminescence emitted into band M on incident in-
tensity R.

III. NUMERICAL VALUES FOR MODEL A

Values obtained by Henry and Nassau® for “good”
platelets of CdS are kg Ng+kyrNyr~ 10° sec™; &,
~10° sec™!; a~1. These values are accurate to
within a factor of 2 for both I; and I,., From the
laser work? (Fig. 1), it is observed that saturation
of trapped exciton luminescence and the appearance
of M-band luminescence both set in at about 30-kW /
cm? incident laser intensity. Using an absorption
constant of ¥ =10*° cm™! and a reflection loss of
50%, we calculate the absorbed rate of photons per
volume as R=4I, k/wor R=3x10*" cm™%sec™!
for Iy=30 kW / cm?,

Saturation of trapped exciton luminescence is
predicted by Eq. (7) to set in when (g Ng+2ygNyr)/
kpNg=R/koNg or R=(ko/ky) BgNg+kyr Nyr) ;
for R=3x10%" cm~%sec™! we get for the unknown
kr=3x10"*cm**sec !,

The over-all quantum efficiency for bound-exciton
emission (I, and I, line) is 7= (photons emitted into
I, I,)/(photons absorbed)= (dNp,,1,/dt)/R. From
(8) we get at low-excitation levels below saturation

dNpy,1p BN
—=22 /JR-q ——F}L8L& (10)
dt / RrNp+kypNyr

I N =3x10% cm~? [this is an estimate from the
linewidth of luminescence fine structure in the 7
lines (not resolved in Fig. 1) in comparison with
the work of Thomas and Hopfield®] and a~ 1, kg
=3%x1071% cm3 sec™!, kgNg+EyrNyg=10° sec™,
then

kRNR 3
N=r=BE — ~107°, (11)
krNg+kyrNyr
Previously, the low over-all efficiency of edge
luminescence in CdS at 1. 8 °K was explained as
being due to a nonradiative deexcitation (Auger ef-
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fect) of the trapped exciton. The new experimental
results of Henry and Nassau,® suggesting a ~ 1,
rule out this possibility. It was with this discrep-

ancy in mind that the present model was constructed.

Band M becomes “comparable” to the I, and I,
bands (see Fig. 1) in the neighborhood of an inci-
dent intensity of 30 kW/cm® or R=3x10%" cm™!
sec™!, From Eq. (6) we calculate an exciton den-
sity of n, ~3x10' em~?,

Knowledge of the particular free-exciton concen-
tration which leads to equal contributions to the
luminescence by M and (I,,1,) emission, allows
us to calculate the rate constant %;,. From Egs.
(8) and (9) we get

C!ko"[cz ﬁkff n,zf (12)
or
akpgNg R _gp R?
2(kgNg + £y pNy g ) (kg Ng+kyrNyr)*’
or with Bq. (8),
Bhy=aky Ng/n. (13)

With
Np=3x10" cm=%, kp=3x10"" cm*® sec™;
n,=3x10® em™%; a=1

we get

(14)

The interaction of free excitons with radiative
traps (I;, I, type) ought to produce a luminescent
band similar to band M.” Such a band might actual-
ly be present in the laser work? (see Fig, 1) at an
energy shifted by the exciton binding energy from
the I, line, Because of its proportionality to nzn;,
this luminescent band should grow quadratically
with R first [see Eqs. (6) and (7)] and then near
saturation of the bound-exciton lines it should pro-
ceed to rise proportional to R, It should be most
favorable to observe this band near saturation be-
cause it might overtake linear bound-exciton fea-
tures and still be comparable to the M band. The
curves for 12 and 40 kW/cm? of Fig. 1 show pos-
sibly this band although its assignment to trapped
free-exciton interaction is far from unique. Com-
pared to ks nf, the term ks, ngn, contains an extra
factor kg Np/ ko~ 1073 so other things being equal,
this band should be considerably smaller than band
M,

B Ry~ 3x107" cm*®sec™? .

IV. KINETIC MODEL B

A crucial assumption of the model was that elec-
tron-hole pairs created by absorption of light would
form free excitons. The over-all loss of excitation,
measured as a low over-all quantum efficiency of
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luminescence in CdS at He temperatures, is then
blamed on nonradiative traps.

Alternatively, one might be tempted to assume
that the loss of excitation takes place while elec-
tron-hole pairs form excitons. Let us now assume
that only a fraction R’/R =102 of electron-hole
pairs form free excitons and that no nonradiative
traps are present (Nyg=0).

Equation (3) would now read

R’ x ke b (x 2
R [ PRPVLS 5 21 T Y 2
Npkoy 1-x ( X kRkRNR) 1—x> - @)
As long as
ke R x
JEPPRIINELG 5 SAd NI I A,
(1 X ka kRNR)<1—x )<1
(for numerical values see Appendix C), we may

neglect the term quadratic in x/(1-x) and get
simply

R’ x k R’
=1—_—xk—§- ngy Or nf=m . (4')

Near saturation (I,~ 30 kW/cm? or R =3x10%"
cm~%sec”™!) we get

np=(3x10*)/10°~3x 10" cm™?

’

a very low concentration indeed. It does, however,
agree with the assumption that Np=3x 10" cm™?
radiative traps are nearly filled at 30 kW/cm?,

The low free-exciton concentration does, however,
lead to a very large rate constant for exciton-
exciton interaction. Again assuming that

ke ko x
o FET0 Y N
(1 * kRkRNR) 1 <L

we get from Eqgs. (8) and (9) for ;= 30 kW/cm?
(R=3%10%" cm~3sec™?)

akong =B ksyné with ng=R'Ng/Ngko+R'
and
nf=R’/NRkR
or

Bhs= (Ngkg)?/2R'=5x10"" cm® sec™’.  (5')

This seems like a tremendously large bimolecular
rate for exciton-exciton scattering into the suggested
radiative mode (band M).

The rate constant of trapping of free excitons at
I, I, type traps is now given by

br=krNg/Np=3x10"" cm®sec™?, (8')

V. CONCLUSIONS

The values of the rate constants of model B ap-
pear rather large, in particular, the bimolecular
rate of exciton-exciton interaction, In the process
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proposed for exciton-exciton scattering it might
seem that the scattering of an exciton from an ex-
citonlike to a photonlike form would result in very
small transition probabilities. On the other hand,
Hopfield® pointed out that although the excitation
spectrum of exciton polaritons becomes photonlike
very rapidly, away from the exciton resonance,
the wave function remains excitonlike for very
much longer. In the energy region of photons of
band M (h’wM), 80% of the wave function of the ex-
citon polariton is still excitonlike. However,
preliminary calculations by Buttner® of the bimo-
lecular exciton-exciton interaction rate suggest
that even with an excitonlike wave function around
7wy the values are closer to the ones proposed by
model A,

There are experimental tests which could dis-
tinguish between models A and B. In model A the
vast reservoir of nonradiative traps would deter-
mine the lifetime of the free excitons to be constant
long after the onset of exciton-exciton scattering.
Conversely, in model B exciton-exciton interaction

]
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would rapidly decrease the free-exciton lifetime.

If model A describes the real behavior of excitons,
free excitons would start to be “tightly packed” at

a concentration of 4, 5%10'® cm™2 (for an exciton
“radius” of 28 A). Given a lifetime of free excitons
of ~107? sec, such a concentration would be reached
at about 400-kW/cm? incident light intensity, In-
teresting changes could be expected near or below
such excitation levels. On the other hand, given
model B with its prediction of R’/R =102 efficien-
cy for exciton formation, we could not expect to

see any effects of “exciton crowding” before reach-
ing excitation levels in excess of 400 MW/cm?,
Crystals tend to be destroyed at these levels.
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APPENDIX A

From Egs. (1) and (2), it follows that

R _kyg (Nyg—nyg) +kpNp+ksynp +kfinyp

_(1_kR ke Rriko ) x
)/ gl % kg Ngkgkg (1—(kR+k,,)/kR>

2

Ngko krNg 1-[(kg +ky;
and (A1)
n :ﬁ al ; x=ﬂ3— . (A2)
f e \1-[(kg +ks) /kR)x )]’ A
If we can neglect the quadratic term in (Al) we get
R ___kNE (NNR—nNR)-I-kRNR +k“nR+ki-"nm X (A3)
NRkO kRNR 1‘[(kn+kft)/k}e] x’
" R
= )
f kg (Nyg —nyg) +hpng +keyng +Ret Myg (A4)
" = Npkgp R .
B kp+hsy o/ (kg +kpe)] [oyr WNyg—nyp) +kg Np+ksng +kfinye] +R (A5)
I, and I, luminescence is given by
dN, Ngk R
— Tl =okng=ak —k——-k—R 2
dt oTR 0% g +Fys [ko/(k}z+kf:)] [kNR (NNR"nNR) +kRNR+k'ftnR+kf'tnNR] +R’ (A6)
and M-band luminescence by
an R?
M= Bk, ni= Bk
ar ~ PRsts = Bhys (yr Nyp=nyg) +PgNp +ksnig+bsynyp]? (A7)
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The bound-exciton luminescence (I,, I,) predicted
by (A6) is linear in excitation intensity (R) as long
as Nyg > nyg and kygNyg > kgyng, kfnyg. The first
condition of nonsaturation of nonradiative traps de-
pends on the concentration Ny of such traps as
well as on the deexcitation time for excitons getting
trapped at such sites. If 2y, is comparable to 25
=3x10"!% cm®sec™!, then from a measured value
for kg Ng +kyg Ny of 10° sec™! at low excitation
levels,® we get

Nyr=10%/(3x1071%) ~ 3x10'%/cm?,

With an estimated lifetime for excitons in such non-
radiative traps of Typ=10"1-10""! sec and a rate
of creation approximately equal to R, we get nyp

~ Tyg R, which at R=3x10%" cm®sec™ gives nyp
~3x10'"-3x10" cm™, We would then just about
escape trap saturation near the highest levels of
laser excitation used in Ref, 2, If saturation of
traps is reached, however, before saturation of I,
I, luminescence sets in (at 30 kW /cm? in the experi-
ments), then the luminescence intensity should rise
steeper than linearly with incident intensity. On
the other hand, should saturation of traps occur
after saturation of luminescence due to the filling

of radiative traps, then saturation is approached
more quickly, None of these features is observed
in the experiments of Fig. 1.

The condition kyg Nyg >k np is most likely ful-
filled. Because Nyz>>Ng3ngp (Nyp~3%x10" cm™3,
Np~3x10" cm~?) and probably the interaction
constant k;, for the interaction of free excitons with
excitons trapped at I;, I, sites is not much larger
than k5, the rate constant for trapping of free ex-
citons at trapping sites, we are justified in neglect-

4103

ing ksynp. It is more difficult to estimate the im-
portance of the term k¢inyg. If nygr <Nyg through-
out the regime of measurements, then it is proba-
bly justifiable to neglect k/;ny, compared tokyg Nyg.

APPENDIX B

It was assumed before [Eq. (3)] that ks 2o/ kg Nrkg
~1, Withk;;=3x10"" cm**sec™; by N =10° sec™’;
kr=3%x10" cm**sec-!; ko=10° sec™! we get

kysko/ly Nokp~1 | (B1)

Thus up to
{5 [(krNg +kyrNyg)/ kg Ng] #x/ (1-x)
we can neglect the second term in Eq. (3) with a
10% error. From Eq. (5) this happens when
R/Ngko=1k [(kgNg+kyrNyg)/ kg Ng]? ~ 10°,

R=3x10% cm™3sec™!; I,=3 MW/cm? incident laser
intensity. This is well above the laser intensities
used for the laser work.2

APPENDIX C
Let us check on the validity of neglecting the

second term in (3’):

kyky  5x107710°

FaNgky 3x10-710° ~ L

x/(1-x)=(kgr/ ko) ny=[(3x1077) /10°] 3x 10" ~1.
Although near saturation, we are not quite justified
by this estimate to neglect the quadratic term, its

consideration would not change the order-of-magni-
tudé values obtained for n, and Bky;.
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