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The appearance of new radiation was registered following two-photon excitation
of CdSe crystals, and is attributed, in accordance with its properties, to
recombination radiation of an electron-hole plasma.

PACS numbers: 72.30.4-q, 71.80.+j, 78.60.Dg

The numerous reported investigations of the luminescence spectra of strongly
excited A,Bg crystals, especially CdS and CdSe, have so far not provided an
unambiguous picture of the effect of exciton interaction in these crystals. On
the one hand, a number of workers have observed new lines ascribed to ex-
citonic molecules, to inelastic scattering of excitons and biexcitons, to
exciton-electron interaction, and Bose-Einstein condensation of biexcitons and
excitons (see the review!!! and!?=41), Furthermore, there are indications!! that
in the CdS crystal the excitons are conserved up to concentrations 108..101°
cm=, On the other hand, on the basis of the luminescence spectrum of a one-
photon-excited CdS crystal, it is concluded in!8! that the excitons decay and an
electron-hole (e — k) plasma is produced even at excitation concentrations 1017
cm=, We have affected for the first time two-photon volume excitation of a
CdSe crystal and demonstrated the formation of e — 2 plasma at concentrations
10%6—1018 cm,

Experiment. We used two-photon excitation of crystals with a @-switched
neodymium laser generating a single transverse mode. The focused beam
power incident on the erystal ranged from 107 to 108 W/ecm?. The crystals
were immersed in liquid helium. We studied single-crystal samples (grown
from the melt) 1. 5—2 mm thick, with optical axes parallel to the surface. The
radiation was registered by a photographic method with a spectrograph having
a dispersion 4 A/mm. The excitation was with partially-polarized light, E 1 C;
the crystal radiation was polarized, E LC.

Figure 1 shows the results. The lower curve (1) is the luminescence spec-
trum of the CdSe crystal when excited with a mercury lamp. The arrow denotes
the A-exciton position, obtained from the reflection spectrum. In the case of
laser excitation, the crystal emission has a threshold, and cannot be registered
in practice until the excitation power reaches 13 MW/cm?. At Jg,,=13 MW/cm?,
a relatively narrow band appears (curve 2), broadens with increasing pump
power, and shifts towards longer wavelengths. The produced radiation does not
agree in its spectral position with any of the known excitonic and impurity re-
combination channels, neither with the exciton A, nor with its replica on the
longitudinal optical phonon (A—AO0), nor with the bound exciton J, and its phonon
replica (J,—LO), nor with the exciton Auger recombination (the so-called P
line), nor with a possible radiation of a biexciton and its Auger recombination
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(the lines M and P,,, respectively). The known published positions of all these
lines are marked on Fig. 1. The bands have a peculiar shape, namely, they
have abrupt red edges and diffuse violet edges. This shape, insofar as we
know, was not obtained in earlier experiments, where a more or less stretched
out long-wave “tail” was observed.

Discussion of results. According to rough estimates, the lower limit of the
exciton concentration corresponded to Np;,=2Xx 10!® cm™, and the upper limit
t0 Nppay=1.4x 108 cm (it was assumed that the exciton lifetime is 0.5 nsec
and the coefficient of the two-photon absorption is 0.1 cm/MW [7}), At these
exciton concentrations, in the CdSe crystal, the effects of interaction between
them should become very strong. In fact, the “limiting” exciton concentration,
corresponding to the case of their ““dense” packing, is estimated from the
relation Ny, * (4/3)ra%,.=1 and is equal to 2.4 x 107 em3. If we introduce, as
is customary, the dimensionless parameter rs=r/aexc, where 7 is the distance
between excitons, then N; . corresponds to »,=2. Under these conditions the
interaction should lead to a breaking of the bond between the individual elec-
tron and hole and to formation of e — # plasma. ! It is predicted theoretically
(see e.g., the reviews!?1%1) that owing to the exchange and correlation in-
teraction of the electrons and holes the width of the forbidden band decreases
with increasing carrier density N, and this should lead to a shift of the red
boundary of the recombination radiation to the long-wave side. Simultaneously
with the increase of N, the occupation of the bands by the carriers increases,
and consequently, the recombination radiation band should experience a
broadening (equal roughly to the sum of the chemical potentials of the electrons
and holes (u,+pu,). Calculations show also that at T=0 the average energy per
pair of particles should have a minimum as a function of the concentration.
Therefore, at high concentrations a liquid phase (drops) or a noncondensing
e— h plasma can be produced in principle. A distinguishing spectral attribute
of such formations should be independence of the spectral position of the re-
combination radiation line of the excitation intensity in the case of a drop, and
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the presence of such a dependence in the case of a plasma. It is seen from the
experimental results that the spectral position of the new emission depends
strongly on the pump power, and consequently favors the formation of the

e~ h plasma,

We have carried out a rough calculation of the shift of the red boundary of the
spectrum and its broadening as a function of the number N of the e — k pairs,
starting with the assumption that a plasma is produced. If we compare the ex-
perimentally obtained red boundary of the spectrum at the minimal excitation
level with the calculated boundary, then it corresponds to a concentration N, ;,
=0.2x10"® em=, The maximum concentration is estimated at Ny ,,=0.5x10%
cm=, In order of magnitude, these values agree with the estimates given above.
An additional confirmation of the conclusion that we are dealing with a system
in which the excitons have disintegrated and an e — # plasma was produced is the
vanishing, observed in!3], of the exciton bands in the absorption and reflection
spectra at N=1017—10!8 cm-3.

As to the widths of the recombination-radiation bands, they turn out to be
smaller than p,+p, at all concentrations. The reason for the narrowing is
probably that at a crystal thickness 1. 5—2 mm an essential role is played by the
amplification processes, and the contour of the recombination and radiation
curve is determined also by the spectral distribution of the gain. The previous-
ly emphasized peculiarity of the form of the recombination-radiation bands,
namely, the abrupt red edge and the diffuse violet edge, also agrees with the
contour calculated under the assumption of an e — & plasma. 8! This form was
experimentally registered here for the first time.

We assume therefore, that the volume-excited new radiation in the CdSe
crystal is due to recombination of the produced electron-hole plasma.
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