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Photoexcited hot electrons and excitons in CdSe at 2'K
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(Received 21 June 1973)

A study of the radiative recombination from the free carriers and the free excitons in CdSe reveals

that the free carriers as well as the free excitons are "hot." %hen the lattice is at =2'K, the exciton
and the free-carrier temperatures are, respectively, —25 'K and - 140 'K at the highest intensity used in

these experiments, ~4X10 %/cm'. The results on electron heating can be quantitatively explained by
a theory based on polar-optical scattering as the dominant energy-loss mechanism for the electrons.
Thus the dynamics of the electron heating is well understood but that of excitons is not.

I. INTRODUCTION

Excitation of a semiconductor with a laser of
photon energy much greater than the energy band

gap results in the generation of electrons with con-
siderable excess energy. These electrons rapidly
lose their excess energy, mainly by interacting
with optical phonons and other electrons and holes
present in the semiconductor. If the photoexcita-
tion is sufficiently intense, the process described
above would lead to a large nonequilibrium popula-
tion of the optical phonons and also to electron-hole
gas whose temperature is higher than that of the
lattice. Observations of such photoexcited hot elec-
trons and hot longitudinal-optical (LO) phonons
were reported earlier for the case of GaAs. Ob-
servation of photoexcited hot excitons has been re-
ported for CdS. 3 Hot electrons in CdS and hot
phonons in various materials have also been ob-
served recently.

%e report the simultaneous observation of hot
electrons and hot excitons in CdSe in this paper.
There are several features of interest in the data.
First of all, the electron and the exciton tempera-
tures are vastly different. Furthermore, the re-
sults in CdSe and GaAs ' are consistent with each
other, i. e. , we can calculate the electron tempera-
ture T, in CdSe if we know T, in GaAs at the same
excitation intensity. This shows that the formula-
tion developed for GaAs ' applies equally well to
other semiconductors in which polar-optical-mode
scattering dominates. Also, at very-high-excita-
tion intensities, we find that the temperature T,
increases slower than logarithmically with excita-
tion intensity I. Even this departure from the
usual dependence on I can be explained within the
framework of the theory. Thus the dynamics of
the carrier heating is reasonably well understood.
The dynamics of exciton heating, on the other hand,
is not mell understood at present.

II. EXPERIMENTAL TECHNIQUES

These experiments were performed on thin (-20
pm) Cdse platelets kindly supplied to us by D. C.

Reynolds of Aerospace Research Laboratories,
%right-Patterson Air Force Base, Ohio. A plate-
let was mounted on a copper block and was im-
mersed in superfluid helium. The photoexcitation
source was a Spectra Physics argonlaser operating
in a cavity-dumped mode at 5145 A. The output of
the laser was in the form of 20-nsec-wide pulses
occurring at a rate as high as 10 per second. The
peak power was -50 W. The laser mas sharply
focused on the sample so as to give intensity as
high as 5x 10 W/cm . Experimental conditions
were selected in such a manner that there was no
average heating of the sample, i. e. , the lattice
temperature was approximately the same as the
helium-bath temperature. Photoluminescence
spectra were analyzed by a double spectrometer
and detected by an extended S-20 photomultiplier
tube. A box-car detector was used to sample only
the central 10-nsec part of the luminescence pulse.

III. EXPERIMENTAL RESULTS

Figure 1 shows a portion of the emission spec-
trum of CdSe at 2 'K for three different excitation
energies. The band gap at 2 'K is indicated on the
figure. %e set that the emission extends consider-
ably above the band-gap energy. Other features of
luminescence (not shown in the figure) are char-
acteristic of low temperatures and the results of a
systematic study of heating effects (to be reported
elsewhere ) show that heating of the lattice under
present experimental conditions is negligible. Thus
the observation of extended high-energy tail im-
plies that the electron and hole temperatures are
significantly higher than the lattice temperature.
At the highest intensities, the electron temperature
is =140 K while the lattice is &10 K. The electron
temperature T, quoted above is obtained by mea-
suring the slope of the high-energy emission tail,
which is expected to have e ' dependence. The
temperatures deduced by this method are also
shown in Fig. 1.

The reciprocal of the electron temperature T,
is plotted as a function of the photoexcitation in-
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FIG. l. Radiative recombination from photoexcited
free carriers in CdSe immersed in liquid helium {TI.
&2 K) for three different excitation intensities. The in-
tensities and effective-carrier temperatures are indi-
cated.

tensity I in Fig. 2 on a semilog scale. We can see
that the plot is linear for most of the range, but
begins to deviate from linearity at very high inten-
sities. In the linear range, I~ e ~p~~& where
QTp = 26 meV, as determined from Fig. 2.

In Fig. 3 we have plotted the emission line shape
of the free-exciton-2LO recombination process in
CdSe at two different excitation intensities. The
background due to other processes has been sub-
tracted out. We can see that the high-energy tail
of this emission process also becomes more pro-
nounced as the excitation intensity is increased.
Assuming that the line shape is given by an equa-
tion of the form

f(E)~ (E E )&I 2 -(s-so) IM'g

we can obtain the value of the exciton temperature
at a given pump intensity. Here &p=E 2k~p,
where E, is the free-exciton energy, Scop is the LO-
phonon energy, and T„ is the exciton temperature.
The solid curves in Fig. 3 are plots of Eq. (1) for
two different values of T„, selected to obtain the
best fit with the experimental points. The best fit
values of T„are indicated on the curves. We see
that the exciton temperatures are much smaller
than 7, and that the change in exciton temperature
when the intensity is changed by a factor of 50 is
only -10'K. This implies that (i) the excitons are
not getting much excess energy or (ii) there is an
efficient mechanism by which they lose energy to the
lattice.

IV. DISCUSSION

In order to understand the dynamics of electrons
and holes, we must know the answers to several
questions: How does a photoexcited electron lose
its excess energy? How does the electron system
acquire excess energy? When is it meaningful to
ascribe a temperature to a system of electrons?
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FIG. 2. Inverse-effective-carrier temperature vs ex-
citation intensity on a semilog scale. Io= 4 &10 W/cm2.

The points are experimental. The solid curve has a
slope of 26. 5 meV=hzeo [Eq. (12)]. The dashed curve is
calculated by assuming that n/n~ =2 at I=2 &&10 W/cm
and nfx:I.

The fact that the high-energy tail of electron-
hole recombination is very close to an exponential
(Fig. 1) and that the line shape of the exciton-2LO
system can be fitted well to an expression given

by Eq. (1) implies that the electrons and holes have

thermalized among themselves and the excitons
have also thermalized among themselves. How-

ever, the fact that electron and exciton tempera-
tures at a given pump intensity are vastly differ-
ent (e. g. , T, =140'K and T„=25'K at1=4x10' W/
cm ) implies that (i) the free carriers and the ex-
citons are not in equilibrium with each other and j
or (ii) the free-carrier and exciton emission origi-
nate from different parts of the sample. It will re-
quire some sophisticated experiments to determine
the importance of (ii). The true significance of our
result that T,» T„cannot be evaluated until such
experiments are performed. The picture is fur-
ther complicated by the fact that the dynamics of
exciton heating is not well understood. However,
our experimental results and the available theo-
ries have given us a good insight into processes
which lead to heating of the electrons. We will be-
gin our discussion by considering these processes.

A. Hot electrons and holes
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carriers n in the photoexcited region. Let n*, be
defined as the critical density at which a photoex-
cited electron of excess energy hE loses as much

energy to the electrons as to LO phonons. It can
be shown' that for electrons of excess energy bE
» h&0, the LO phonon energy u~ is given by

where 8* =8 /e, e is the electronic charge, e is a
suitable d~electrxc constant,

0
-2 2 4 6

hv-(Ex -25coLo} XN meV

and e„and &, are the optical and static dielectric
constants, respectively. Thus a photoexcited car-
rier will lose a fraction f of its excess energy ~
to the electron systems, where f is given by

f= n/(n+ n*,).

Assuming that each absorbed photon generates one
electron-hole pair, the power per electron trans-
ferred from the exciting laser to the electron gas
is given by

FIG. 3. Free-exciton-2I 0 recombination in CdSe.
The effective temperatures and excitation intensities are
as indicated.

What are the mechanisms by which the electron
system loses energy to the lattice 7 What is the
rate of this energy loss 'P We shall address our-
selves to these questions and apply them to CdSe
and GaAs in this section.

L General considerations

A photoexcited electron is created with an ex-
cess energy hE, given by

AE=(Av, —E ) (i , ),I
1+m, m„

where hv, is the laser photon energy, E~ is the
energy band gap of the semiconductor, and m, (m„)
is the effective mass of electrons (holes). The
hole excess energy AE„ is given by

If m, «m» most of the excess energy is given to
the electron. In what follows, we will concentrate
on the electron and drop the subscript e from bS', .
In materials like GaAs or CdSe in which polar op-
tical scattering dominates, ' this photoexcited elec-
tron will lose its excess energy hE by successively
emitting LO phonons and by colliding with other
electrons (n-type crystal) already present in the
photoexcited region. The relative importance of
these two processes will depend on the density of

1

d(av, ) n'

where d is the ambipolar diffusion length, hv, the
laser photon energy, 1 is the excitation intensity
(power absorbed per unit area) at the sample, and

n is the electron density.
This excess energy may change the electron dis-

tribution function from the usual Fermi-Dirac or
Maxwell-Boltzmann distribution. However, if the
electron-electron collisions are more frequent
than the electron-phonon collisions by which the
electrons lose energy to the lattice, the electrons
will thermalize among themselves and one can
assign a temperature T, to the electrons. It can
be shown that, when polar-optical scattering is
the dominant energy-loss mechanism for this elec-
tron gas, the electron-electron collisions are more
frequent than the electron-phonon collisions if
n & n„where

n, =
~

e
~

Eog~, (uT', /K~0)"'(i/2ve*')e 0" ., (8)

where T, is the electron temperature. Note that
n,*is the density of the electron gas at which an
electron of excess energy hE loses equal amounts
of energy to the electron-gas and to the optical pho-
nons. n„on the other hand, is the density of
electron gas at which intercarrier collisions in this
electron gas are as frequent as the collisions of
these carriers with the polar-optical phonons. If
the condition n & n, is satisfied, it is meaningful to
ascribe a temperature to the electron system. Un-

der these conditions, it can be shown that the rate
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of energy loss of the electron system for polar-op-
tical-mode scattering is given by

P(T, ) = (2h~o/vm, )"'~ e~ E,[(e"0 *~ —1)/(e*o —1)]

x [x',"K,(-,'x, )e*"], (s}

where P(T, ) is the power per electron transferred
from the electron system to the lattice through po-
lar-optical scattering. Here xo= (5~0/hT~), x,
= (h~ghT, ), T~ is the optical-phonon temperature,
and Ko is the modified Bessel function of the order
zero. In the temperature ranges of our experi-
ment, the second square bracket is = em so that

P(T,) = (28(u, /m, )"'~ e
~
E,e "0'~-s (10)

if (xo —x,)&8 as in our experiments. Thus the
steady-state electron temperature, given by Eqs.
(I) and (10), is

I I (hvg -E,) /m,
d(hv) ) n +nq 1 + mg/mg (28(00

1

l etEo

e ""'I' ' I/(n+ n+).

l/8
~hcoO/ O'TB ~ E B

n~c 2@no e~o
(12)

Thus we expect that 1/hT, will decrease logarith-
mically with increase in I, a result which is ex-
perimentally obtained in Fig. 2 except at very high
intensities. The slope of this variation should be
the phonon energy S~o = 26. 5 meV. Experimentally
we obtain the value of 26 meV for the slope (Fig.
2), in good agreement with the theoretical expec-
tations.

We can also compare the experimental value of
P at one excitation intensity with the theoretical

2. Application to CdSe

We will assume the following values of the con-
stants in CdSe: E~ = l. 8415 eV (2 '

K), I&a~ = 26. 5

meV, mB=0. 13mo, m„=0. 59mo, z„=6, t.,=9. 75,
and 7= 7. 9. With these constants and kv, = 2. 4097
eV (for 5145-A line of the laser) we calculate that
DE=0. 47 eV (»h~o). We also calculate

=—1+108 cm"3 + =2x10 4 cm 3, and estj,
that the electron density n& n„ in the entire range
of excitation intensity used by us.

It is, therefore, meaningful to ascribe a temper-
ature to the electron gas. This theoretical pre-
diction is in accord with the experimental fact that
the luminescence tail is essentially exponential.
For I & 2 x 10' W/cm, n ~ 0. 1 n~, so that

prediction. From Eq. (10}, we find P(T, )
= 1. 'Ix10 e o ~ W, whereas P —= (6x10 'I) W

from Eq. (7} if we assume d=0. 8 pm and I is in
units of W/cm . For I=2x10' W/cm, the upper
limit on the linear segment of the experimental
curve, P = 1.2x 10 W, whereas P(T, ) = 5x 10 W
at the temperature (85 K) observed at I= 2 x 10' W/
cm

We thus find a good agreement between theory
and experiments except at very high intensities.
For I & 2x 10' W/cm, we see from Fig. 2 that the
electron temperature increases less rapidly than
predicted by the theory. There are bvo possible
explanations of this behavior. First, a new more-
efficient loss mechanism begins to dominate at
higher excitation intensities. The second possi-
bility is that one or more of the assumptions made
in deriving Eq. (12) begin to break down. We re-
call here that Eq. (12) involves the assumption that
n«n,*. If at very high intensities n becomes com-
parable to n,*, the energy that the photoexcited
electron loses to the electron system becomes
comparable to the energy loss to the phonons. As
a result, the power per electron transferred to the
electron system by the laser increases sublinearly
with excitation intensity I. This may result in
slower increase in T, with I [see Eq. (11)].

We have calculated that n/n, *=2 is sufficient to
expla. in the departure from linearity observed at
I=2x10 W/cm . Since n,*=lx10' cm, this im-
plies that n=2&&10' cm 3 at this I. A lifetime of
7-"0.3& 10 ' sec needed to explain this electron
density is not unreasonable. We have also calcu-
lated n/n, " at other intensities and find that n/n,* is
roughly proportional to I. However, the errors
are large and more extensive measurements are
required to establish the dependence of n/n, * on I
accurately.

Comparison bet~en GaAs and t dSC

We have shown above that the theory based on
polar mode scattering explains the experimental
results in CdSe. Similar conclusion was reached
in the case of GaAs in Bef. 1. It is therefore clear
that the results in the two materials are consistent
with each other. It is, however, instructive to
show this explicitly.

Let subscripts 1 and 2 denote GaAs and CdSe,
respectively. Since Eq. (12}holds for each semi-
conductor, we have

I 5, EE, ~d g+E~ (~ I )'"exp
kTa kTq &Ea dq nj* E, ma S(o~

(12)
for a given excitation intensity I in both cases. At
the highest excitation intensity used in GaAs,
I=- 5x10 W/cm, T, =76'K. Therefore, with the
values of the constants used in Bef. 1 and this
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paper, we calculate from Eq. (13) that Ta= 35 'K
in CdSe at I= 5&& 10' W/cm . This is in agreement
with the experimental value in Fig. 2, as expected.
This example illustrates the important point that
one can predict mith some confidence the electron
temperature in any photoexcited semiconductor in

which polar-optical scattering dominates.

B. Hot excitons

Our understanding of the processes leading to
exciton heating is incomplete. Expressions are
available in the literature' for the exciton-phonon
collision rates for the optical and acoustical pho-
nons. But, to the author's knowledge, there is no

theory either for the rate of energy loss from the
exciton system to the lattice or for the mecha-
nisms by which and the rate at which the exciton
system acquires its excess energy. It is hoped
that the present work will stimulate theoretical
interest in this direction.

Since theory sheds so little light on the dynamics
of exciton heating at the present time, it may not
be inappropriate to consider various possibilities
from a qualitative point of view. There appear to
be three mechanisms by which the exciton system
might acquire excess energy. (i) The photoexcited
electron gives a part of its large excess energy to
the excitons, just as it does to the electron system
and the LO phonons. (ii) The heated electron sys-
tem loses part of its excess energy by giving it to
the exciton system. (iii) The third possibility,
that the photoexcited hot phonons~ give some
energy to the excitons, must also be considered.
The exciton system loses its excess energy by in-
teraction with either optical or acoustic phonons.
It is known' that exciton-acoustic phonon inter-
actions are much more frequent than exciton- LQ
phonon interactions. But the latter involve much

larger energy exchanges and cannot be neglected
without detailed considerations, Theoretical ex-
pressions for the rate of energy transfer from the

excitons to the lattice will be very useful in re-
solving this question.

V. SUMMARY AND CONCLUSIONS

Simultaneous observation of photoexcited hot
carriers and hot excitons reveals the interesting
fact that the carriers and excitons are not at the
same temperatures. The electron-hole system
reaches a temperature as high as ~140'K, where-
as the exciton temperature is =25 'K at the same
excitation intensity of -4&&10 W(cm . The heating
of the electrons and holes can be quantitatively ex-
plained in terms of polar-optical-mode scattering
of carriers. The observed departure from the
usual logarithmic dependence on excitation inten-
sity can also be explained if we assume that the
carrier density exceeds a certain critical density.
It is interesting to note in this connection that, as
the optical-phonon temperature approaches the
electron temperature, the efficiency of polar-mode
scattering as a loss mechanism diminishes, and
we mould expect a faster increase of the carrier
temperature with excitation intensity. %e see no

evidence of this experimentally. The results on
CdSe, taken together with those on GaAs, ' give us
confidence that we can predict the electron tem-
perature of a photoexcited semiconductor. This
should prove to be useful when calculating certain
properties of highly excited semiconductors, where
the carrier temperature, rather than the lattice
temperature, may be the relevant parameter. On

the other hand, understanding of the processes
leading to exciton heating must await further theo-
retical developments.
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