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Ultrafast carrier recombination and plasma expansion via stimulated emission
in II-VI semiconductors
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Time-resolved beam deflection and four-wave mixing techniques have been used to investigate the spa-
tial and temporal evolution of degenerate electron-hole plasmas in CdS, CdSp 75Sep 25, and ZnSe follow-
ing two-photon absorption of 120 fs, 620 nm pulses at temperatures between 80 and 295 K. The decay
times for carrier densities larger than 10' cm are found to be less than 10 ps, and are independent of
the local density gradient. We suggest that stimulated emission recombination and reabsorption occur
until the entire plasma becomes nondegenerate. This fast carrier transfer process may account for other
reports in the literature of rapid expansion in degenerate ambipolar plasmas.

Although many microscopic processes which govern
the evolution of spatially homogeneous, low density car-
riers in semiconductors following ultrashort pulse excita-
tion are reasonably well understood, ' the evolution, par-
ticularly the spatial evolution, of high density (degen-
erate) spatially inhomogeneous carrier distributions is less
clear. Ambipolar diffusion coefficients as large as 10
cm s ' have been used to explain observations of rapid
plasma expansion, particularly in II-VI semiconductors.
Such high diffusion rates have been discussed in terms of
screened carrier-phonon or carrier-impurity scattering '

or attributed to Fermi pressure in degenerate plasmas.
Here we report the use of beam deflection and four-wave
mixing techniques to monitor the decay of carrier density
gradients of degenerate plasmas in the II-VI semiconduc-
tors CdS, CdSO 75Se025, and ZnSe. The decay times for
high density plasrnas are found to be less than 10 ps, and
are found to be independent of the magnitude of the local
plasma density gradient (i.e., the decay is not governed by
a simple diffusion process). We attribute this to an ul-
trafast "explosion" of the plasma through stimulated
emission recombination of carriers followed by reabsorp-
tion of the emitted radiation in regions of lower density.
This process can lead to an ultrafast spatial redistribution
of carriers on a picosecond time scale and may account
for some of the reports in the literature of the rapid ex-
pansion of degenerate plasmas.

The concept of radiative transfer through spontaneous
emission is well known in applications ranging from the
transport of radiation in stellar atmospheres to charge
transport in semiconductors. ' In the latter case
Dumke concluded that for low density plasmas the
effective diffusion coefficient is small compared to that of
conventional diffusion, although others' have suggested
that for densities approaching 10' cm the two may be-
come comparable. Here we show that the stimulated
emission in the plane of the sample can accelerate the
charge-transfer process. Stimulated emission has, of
course, been considered in the context of rapid recom-
bination of carriers in semiconductors"' and in serni-
conductor lasers, ' ' but we are not aware of any work in
which reabsorption has also been considered leading to a
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FIG. 1. Time-resolved deflection of a probe beam in
CdSp 75Sep». The PumP irradiances are evaluated at the loca-
tion of the probe pulse and correspond to the (temporal) peak
values.
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rapid plasma expansion.
Recently we reported' time-resolved measurements of

the deflection of a probe beam in 100-pm-thick single
crystals of CdS, CdSo 7~Seo 25 (band gaps of 2.42 and
2.125 eV, respectively, at 295 K) following two-photon
absorption (2PA) of 620 nm (2 eV) 120 fs pulses. The
probe beam was focused to a & 15 pm spot size with its
center located close to the e radius (40+15 pm) of the

pump beam. Figure 1 shows the time-resolved deflection
in CdSo 7~Seo z~ for five discrete excitation levels (the exci-
tation levels are described by Ij„,the temporal peak irra-
diance of the pump pulse evaluated at the location of the
probe pulse). The beam defiection is consistent' with a
band filling refractive index change and hence is propor-
tional to the radial gradient in the local carrier density.
The increasing deflection in the first 2 ps is consistent
with cooling of the initially hot photoexcited carriers to
the band edge. ' For I&„above a threshold value of 25
GW cm (for which the peak irradiance at the center of
the pump spot is 185 GW cm ) there is a fast recovery
of the deflection which might be interpreted in terms of
carrier recombination and/or a reduction in the density
gradient. Similar behavior was observed in CdS. Because
the density gradients were small we argued that the signal
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decays could not be explained by conventional ambipolar
diffusion (diffusion coefficients greater than 5 X 10
cm s ' would be required to explain the picosecond de-
cay time; the low density value of the diffusion coeKcient
has been measured to be' 5 cm s '). It was also argued,
however, that rapid recombination with a rate related to
the local electron-hole density (e.g. , through Auger pro
cesses, spontaneous radiative recombination, plasmon-
assisted recombination) could not provide an explanation
since the time-dependent defiection curves corresponding
to values of I&, greater than the threshold irradiance
cross curves corresponding to smaller values of I&„. It
was considered more likely that processes with threshold
characteristics such as stimulated emission or recombina-
tion via photoexcited metastable defects might account
for the behavior.

The dependence of the threshold value of I&„on the
position of the probe spot has now been investigated. As
the probe spot approaches the center of the pump spot
the threshold value of I„, increases. For example, from
the data discussed above the local threshold is Iip 25
GWcm for the probe spot at the e radius of the
pump beam (corresponding irradiance at the center of the
spot equal to 185 GW cm ). If the probe spot is at ap-
proximately —,

' of the e radius of the pump beam a local
threshold I~„=110GWcm (irradiance at center of
pump spot is 140 GW cm ) is measured, and for the
probe located at the center of the pump spot (in this case
the "deflection" consists of a defocusing of the transmit-
ted probe light) the threshold is I&„=120 GWcm
These results suggested that a nonlocal mechanism such
as stimulated emission recombination should be responsi-
ble for the rapid decays.

To investigate possible decay mechanisms for steeper
density gradients we have performed four-wave mixing
experiments with the samples at temperatures between
295 and 80 K. Here the pump pulse was divided to pro-
duce two equal irradiance pulses which were focused
onto the sample (60+15 pm spot size) to write a density
grating. A time-delayed probe pulse was focused (spot
size less than 15 pm) onto the center of the induced grat-
ing structure, and the diffracted probe light was detected

by either a fast photodiode or photomultiplier. Gratings
with periods between 1.2 and 2.9 pm were investigated.

Figure 2 shows the time-dependent diffracted probe
beam intensity for CdSO 7~Seo 2~ (100 pm thick) at 295 K
for a 1.2 pm grating period and for several discrete pump
excitation levels (the excitation levels are described by Io,
the temporal peak irradiance evaluated at the maxima in
the grating structure). A rapid recovery similar to that
observed in the beam deAection experiments occurs for
Io) 200 GWcm, and the curve-crossing effect is also
observed. Similar behavior has been observed in CdS
(100pm thick) and ZnSe (20 pm thick) with nearly identi-
cal irradiance thresholds but with decay times in the thin
ZnSe sample as small as 4 ps. As the lattice temperature
is decreased both the recovery time and the critical irra-
diance for the onset of rapid recoveries decrease. At 80
K, for example, the shortest decay time is two times
smaller than at 295 K, and the critical value of Io is 2.5
times lower. Despite the large difference in carrier densi-
ty gradients, the decay times measured using the grating
technique are of the same order of magnitude as those
measured using the deflection technique. Also, Fig. 3
shows the time-resolved diffraction signals for grating
spacings of 1.2, 2.0, and 2.9 pm for an above threshold
value of Io,' the decay times are virtually identical to
within experimental uncertainty. That the decay times
are independent of the carrier density gradients suggests
that conventional diffusion does not play an important
role in the ultrafast recovery.

The data are consistent with a recovery process due to
stimulated emission. The threshold irradiances for the
room-temperature deAection and diffraction experiments
correspond to peak (i.e., at the center of the excitation
spot) surface carrier densities in excess of 10' cm [2PA
coefficient' is equal to 9 (7,6) cmGW ' in CdS07~Seo25
(CdS, ZnSe)]. These densities are more than a factor of 2
above the threshold densities for optical gain for band-
edge radiation lthe gain threshold density, calculated
within an effective mass approximation using a @-

conserving model for the gain coefFicient is equal to
5(6,4)X10' cm for CdSO ~5Se025 (CdS,ZnSe) at room
temperature]. Also, the gain threshold density at 80 K is
roughly —,

' of the room-temperature value, consistent with
the factor of 2.5 decrease in the threshold value of Io at
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FICx. 2. Time-resolved diffraction e%ciency for a grating
written by a pair of identical pump pulses in CdSO 75Seo» at 295
K. The pump irradiances are evaluated at the grating maxima
and correspond to the (temporal) peak values.
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FIG. 3. Time-resolved diffraction signals from three different
period gratings in CdSO 75Seo» at 295 K. The peak pump irra-
diance at the grating maxima is -380 GW cm
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80 K. Evidence for stimulated emission was indirectly
verified by measuring the time integrated band-edge
luminescence from the front surface of CdS at 295 K as a
function of excitation irradiance (single beam excitation).
The yield is observed to very supralinearly with irradi-
ance up to 110GW cm (corresponding to a surface car-
rier density of 1.1 X 10' ) consistent with spontaneous
emission following two photon absorption, but thereafter
varies sublinearly consistent with stimulated emission
occurring in the transverse direction. This is reasonable
since the lateral extents of the regions which display gain
are predicted to be between four and six times larger than
their depths.

Although the peak carrier density for the onset of rap-
id decays is well correlated with the gain threshold densi-
ty, the local carrier density at the location of the probe in
the deAection experiments may be much lower than that
required for gain. For example, the onset of a rapid de-
cay in Fig. 1 occurs for a peak carrier density of the order
of 2. 8 X 10' cm while the density at the location of the
probe is of the order of 5 X 10' cm (an order of magni-
tude below that necessary to produce gain). In order to
explain the observation of decays here, it is necessary to
consider the redistribution of carriers produced by the
reabsorption of light produced by stimulated emission
near the center of the excitation spot. Since the volume
has its greatest extent in the radial direction (at the
threshold in Fig. 1 the gain region has a diameter equal
to 52 pm while the depth extends to 14 pm), stimulated
emission and reabsorption occur preferentially in planes
parallel to the surface. This will continue until the car-
rier distribution is everywhere nondegenerate after which
processes such as spontaneous emission and conventional
diffusion govern the kinetics. Figure 4 depicts what the
initial and "final" carrier distributions should look like.
In the final state carriers in the volume where emission
and reabsorption have occurred will have a density near
the gain threshold value. For the data in Fig. 1 the radial
extent of this volume is calculated to be slightly larger
than 40 pm and hence extends beyond the position of the
probe spot. Since the carrier distribution sampled by the
probe beam in this near-surface region is radially uni-
form, the near-surface contribution to beam deAection
vanishes. The total deAection does not completely vanish
since the gain region does not extend to the back surface
of the sample (i.e., radial carrier redistribution does not
occur at all depths). With increased excitation strength
the depth of the uniform density region increases, leading
to the curve-crossing effect whereby the "final" deflection
values lie below those achieved for lower excitation
strengths.

The final state monitored by the diffraction experi-
ments can be considered in a similar fashion. Here, how-
ever, the gain volume consists of long, submicrometer
wide ribbons. Stimulated emission will occur preferen-
tially along these ribbons transferring carriers away from
the location of the probe spot which explains why no
change in the decay behavior is observed as the grating
period is changed. The refractive index grating will de-
crease to a uniform value in the near-surface region and
remain unchanged for depths beyond the extent of the
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FIG. 4. A schematic diagram of the initial and "final" radial
carrier distributions following the carrier transfer process. The
dotted line corresponds to the density threshold for optical gain.
The integrated carrier densities (weighted by the radius) under
the two curves to a radius 48 pm are the same.

original gain volume. Calculations of the diffraction
efficiency have been performed by integrating the coupled
equations for the propagation of scattered light in a thick
grating' (the sample thickness and gain volume depth
are both much greater than the inverse of the mismatch
between the wave vectors of the scattered and unscat-
tered beams). The results indicate that the diffraction
efficiency should fall rapidly to near zero for values of Ip
in the vicinity of the threshold in agreement with the ex-
perimental results. It should also be noted that the
higher irradiance thresholds observed for the diffraction
experiments are consistent with this interpretation since
stimulated emission here is essentially one dimensional
whereas in the deflection geometry it is two dimensional.

We now consider details related to the temporal behav-
ior of the problem. The self-consistent temporal evolu-
tion of stimulated emission radiation and spatially homo-
geneous carrier distributions in semiconductor lasers has
been considered theoretically' and is generally con-
sidered to be a formidable problem because of the deli-
cate balance between a number of microscopic processes
which allow gain to exist. For the inhomogeneous distri-
butions considered here the problem is even more difficult
since the radiation field varies both with position and
direction. After the excitation pulse the carriers have a
temperature of the order of 10 K and stimulated emis-
sion cannot occur until a degenerate distribution is creat-
ed by carrier cooling. For CdS, CdSp 75Sep 25, and ZnSe
the cooling times' are of the order of 2 ps consistent
with the 2 ps delay in the appearance of signal recoveries.
If no stimulated emission were to take place until the car-
riers had fully cooled then gains in excess of 3 X 10 cm
would result and gain depletion would occur on a subpi-
cosecond time scale. However, the processes of carrier
cooling and gain depletion are tightly coupled so that the
temporal dependence of the gain is determined by a bal-
ance between continued carrier cooling (which increases
the gain), stimulated emission (which reduces the gain)
and carrier heating via free carrier absorption and from
recombination of near-band-edge carriers (which de-
creases the gain). In addition, the size and shape of the
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gain region evolve with reabsorption-induced carrier gen-
eration at a rate which depends on the frequency of the
absorbed light and on the location of the quasi-Fermi lev-
els. The theoretical simulation of this problem would be
computationally intensive, and would also require the use
of models for the processes just outlined for which the
number of free parameters would make fits to the data of
questionable relevance. However, we point out that the
4—20 ps decay times measured here are of the same order
of magnitude as those which have been predicted for
homogeneous" and inhomogeneous' plasmas.

In conclusion we have presented results which indicate
that the relaxation of a degenerate electron-hole plasma
is accompanied by a rapid expansion of the plasma in
directions parallel to the sample surface. We stress that
the process of carrier transfer cannot be considered
within the framework of conventional ambipolar
diffusion since the strength of the induced currents is not
proportional to the local gradient in carrier density (i.e.,

the problem is considerably more nonlocal in nature).
However, the results are consistent with a photon-
assisted carrier transfer process in which carrier recom-
bination and light generation are produced by stimulated
emission in the degenerate plasma followed by reabsorp-
tion of the light in the nondegenerate wings of the plas-
ma. This interpretation explains the main features of
both the beam deflection and induced diffraction experi-
ments and may contribute to the understanding of other
experimental studies whose interpretation is based on
enhanced diffusion processes.
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