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We investigate recombination radiation (RR) and the restructuring of the energy spectrum of CdS
crystals in the case of high nonequilibrium densities of the electron-hole pairs. We show that at pair

densities n,, n, »10" cm™*

In the limiting case of high nonequilibrium electron-
hole (e-h) pair densities, when the interparticle dis-
tances v become comparable with the exciton Bohr
radius 7, (i.e., 7,=7/7, ~1), the exciton concept be-
comes meaningless because of the screening of the
Coulomb interaction, and the RR spectrum of the semi-
conductor should correspond to recombination of the
electron hole plasma (EHP). Under these conditions the
valence band and the conduction band become filled in
accordance with the given e-h pair concentration and the
temperature, and the energy spectrum itself becomes
restructured as a result of exchange correlation inter-
action in the system of high-density electrons and
holes.

We investigated the RR of high-purity CdS samples
(donor and acceptor impurity concentration ~10' em=%)
excited by a pulsed N, laser (power and single-pulse
duration 2 kW and 10 nsec respectively, pulse repeti-
tion frequency 102 Hz). To decrease the contribution of
the induced luminescence, the N,-laser radiation was
focused on the crystal into a spot measuring approxi-
mately 10 p. The CdS spectrum was observed in a di-
rection normal to the excited surface and was registered
with a spectrometer of 0.2 A resolution. A stroboscopic
system for photoelectric registration has made it possi-
ble to perform time measurements with a resolution 2
nsec.

1. The principal changes occurring in the RR spec-
trum of CdS at T=4.2°K and when the pump power is
increased from 105 W/cm? to 2x107 W/cm? are shown
in Fig. la. The lower curve is the luminescence spec-
trum obtained after excitation with an ordinary mer-
cury lamp, Figure 1 shows the exciton-impurity-com-
plex (EIC) lines I; and I,, the free exciton line A, (x
=4853.4 A), and the position of the energy gap E,. When
the laser pump power is increased, a new band begins
to grow on the long-wave side of the EIC line I, {or the
M line).!*+2) When the number of e-h pairs averaged
over the volume is increased, the width of this band in-
creases, and its “red” boundary is appreciably shifted
towards lower energies.

We shall show first that the position of this band on
the energy scale, its width, and also the motion of the
“violet” and “red” boundaries of its spectrum with in-
creasing pair density correspond to the EHP recombina-
tion. To this end, using the method developed in!34 we
calculate the average energy (E(n)) per e-h pair as a
function of the pair density or of dimensionless param-
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and at low temperatures (T =4.2-100°K) the RR spectrum corresponds
to direct interband recombination of the electron-hole plasma.

eter »,. At T=0 and at the CdS band parameters m,
=0.205, m,,=0.7, and m,, =5.0'5! we obtain for the
average energy per pair the following expression (in
meV):

<Ef)>=<E ,>+<E, _,>+<E >

corr

- 61 52.
= 4./,2 - 9/, +<E 5., > meV )

The values of (E ) for different », and » are listed in
the table. The calculated position of the minimum of
(E(n)) corresponds to »,~2 and n~2x10' ¢cm™?, and

practically coincides with the nearest A, exciton term.
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FIG. 1. a) Recombination radiation spectra (1—5) at respective
excitation-power densities 16 mW/cm?, 5 mW/cm?, 1.4 kW/
em?, 440 kW/em?, and 150 kW/cm?, b) Dependences of the
average energy (E(n)) per pair of particles, and of the “violet”
and “‘red” boundaries #wy and Awg of the recombination spec-
trum, on the carrier density » in the plasma or on the dimen-
sionless parameter 7,.
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The obtained value of (E(n)) was then used to determine
the “violet” and “red” boundaries of the recombination
spectrum at different densities of the e-h plasma,. At

T =0, the “violet” boundary %w, corresponds to recom-
bination directly from the Fermi surfaces of the elec-
tron and hole bands, and is equal to the chemical poten-
tial W of a system of N electron-hole pairs:

]
ﬁmval’=-;lv—[N< E(n)>]=<E(n)+n—a—n- <E(n)>. (2)

The “red” boundary of the RR spectrum, neglecting the
dependence of the corrections to the kinetic energy on
k, is shifted relative to 7w, towards lower energies,
by an amount equal to the sum of the Fermi energies
of the electrons and holes u) + u?. The calculated
dependences of fiw,, Aiwy, and (E(n)) on the density  or
the parameter »_ at T=0, shown in Fig. 1b, describe
satisfactorily the position and the motion of the bound-
aries of the RR spectrum, as well as the width of the
spectrum, as functions of the average number of the
pairs in the plasma.

2. Figure 2 shows the form of the RR spectrum of an
e-h plasma at different temperatures and at a practical-
ly constant pair density averaged over the volume (the
pump was constant at j~5x10%° W/cm?3. We point out
first that owing to thermodissociations there are no
EIC in the spectra above 25°K. With increasing tem-
perature, the RR band of the e-h plasma broadens,
mainly as a result of the smearing of the violet part of
the spectrum. This smearing corresponds to tempera-
ture broadening of the electron and hole distribution
functions. We have attempted to approximate the shape
of the e-h plasma spontaneous-recombination spectrum
by means of an expression that is valid for the model of
noninteracting particles. Recognizing that the interband
transitions have a directly allowed character, and as-
suming a quasiequilibrium distribution in the electron
and hole bands, we obtain for the shape of the spon-
taneous spectrum

T ~ % 8w -¢ (k) -¢,(-k)].
I_”‘(ﬁc..n,;tz,T)k =—kh=k,'fh (B0 - ¢, (k) - ¢,(-k)] 3)
Here
[l ce h ) =l h]“
fc p =] + exp—————e
’ kT

are the electron and hole distribution functions, uT and
U7 are the Fermi quasilevels, and 7w is the energy
reckoned from the “red” boundary of the spectrum.
The dashed lines in Fig. 2 are the result of approxi-
mating the shape of the spectrum with allowance for
reabsorption, and at the values of the parameters » and
T indicated for each spectrum. The correction for re-
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FIG. 2. Recombination radiation spectra (solid) and amplifica-
tion spectra (circles) for EHP at T=5 and 49 °K. The dashed
and dash-dot lines show the approximations of the spectrum
shapes for the noninteracting-particle model without and with
allowance for reabsorption, respectively.

absorption reduces to multiplication of (3) by the factor
{1 - exp[- a(Fw)l]}/ o (iw)l, where I is the carrier diffu-
sion displacement length ({~1.5 u), and a(fw) is the
absorption coefficient (¢ <0 in the case of
amplification).

Figure 2 shows, for 5 and 49 °K, the measured (cir-
cles) and calculated (points) distributions of the gain.
The spectrum of the gain o (#w) is connected with the
shape of the spontaneous luminescence spectrum
I, (iw) by the relation

Ao — T_.,T
a(fw)~ Is’(ﬁw) %xp_m#' - l] . (4)
o7

At helium temperatures, an e-h plasma of density
~10'® cm™ is characterized by large gains or negative-
absorption coefficients (@ > 10° cm™). Therefore in the
region of the maximum values of a (fiw) and when the
condition @l >1 is satisfied the RR experiences a strong
amplification (lasing is observed if feedback is present
in the system). As a result, intense narrow peaks

with a faster-than-linear dependence on the power den-
sity and on the dimensions of the excitation region ap-
pear in the corresponding region of the spectrum (see
Figs. 1 and 2). We emphasize that at helium tempera-~
tures the position of the maximum of the induced lum-
inescence (of the maximum of the gain curve) of an

e-h plasma with equilibrium density ~10'® em™® coin-
cides exactly with the so-called P band, which was
previously attributed to exciton-exciton collisions, %"
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We note in conclusion that at helium temperatures and
at average e-h pair volume concentrations exceeding
n>10' cm3, the EHP and electron-impurity complex
bands in the spontaneous RR spectra of CdS (I, and M
bands) are observed simultaneously. This means that
regions that differ greatly in their e-h density are pro-
duced in the volume of the crystal. It is important that
the position of the minimum of the average energy pair
of particles (E(n)) estimated from the amplification
spectra at helium temperatures and for pair density
~10!8 em=3, is localized approximately 10 meV below
the exciton term A,. It is therefore convenient for the
nonequilibrium carriers to become condensed into
plasma bunches having the equilibrium density value
for the given T (~10' ¢m"3), and this may be one of the
causes of the observed inhomogeneity in the carrier
volume density.

A detailed discussion of the kinetics and of the spec-
tral properties of EHP recombination radiation in CdS
crystals will be published separately.
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