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We have studied the influence of the barrier thickness on hot-carrier cooling in Nd-YAG (yttri-
um aluminum garnet) laser-excited Ing.s3Gao.47As/InP quantum wells by picosecond-time-resolved
spectroscopy. The experiments yield striking differences of the transient carrier temperatures for
different barrier thicknesses. For small barrier thicknesses we observe initial carrier temperatures
up to 500 K, whereas for large barrier thicknesses the carrier temperatures stay below 120 K.
The experimental data can be explained by microscopic calculations of the transient variation of
the carrier densities and the thermalization of hot carriers in the quantum well.

Investigations of hot-carrier cooling in various quan-
tum-well systems are of great interest, as they provide in-
formation on optical- and acoustic-phonon scattering, the
heating of carriers via Auger processes and the reduction
of hot-carrier cooling due to nonequilibrium phonons.! ™3
Previous investigations of carrier cooling in In,Ga; - As
quantum wells*> have addressed the dependence of hot-
carrier cooling on the well width itself. In most of these
experiments, no significant influence of the well width on
the cooling behavior was observed.

In this paper, we present experimental results for the
carrier cooling in Ing s3Gag47As/InP quantum wells with
different barrier thicknesses. The specific excitation con-
ditions of the Ing s3Gag 47As/InP samples with a Nd-YAG
(yttrium aluminum garnet) laser enables the electrons to
diffuse into the InP barrier, whereas the holes are confined
to the quantum well.® In Fig. 1 this situation is plotted
schematically. Due to the different effective masses of
heavy holes and electrons in In,Ga; —-,As, about 90% of
the laser excess energy is transferred into the electron sys-
tem. Thus the electrons are created more than about 100
meV above the barrier conduction-band (CB) edge. For
wide barriers electrons may diffuse into the InP barrier
before they a captured into the quantum well. The elec-
tric field between the holes in the In,Ga;—,As and the
moving electrons leads to a drift of the electrons back into
the quantum-well layer. Using samples with different
barrier thicknesses, we can separate the electron and hole
thermalization in the quantum well. The experimental
data is in good agreement with calculations for the
thermalization, which include the different electron cap-
ture in thin and thick barrier samples.
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The samples investigated were metal-organic-vapor-
phase-epitaxy (MOVPE) and chemical-beam-epitaxy
(CBE) (Ref. 7) grown Ing s3Gag 47As quantum wells with
well widths L, between 3.5 nm (Ref. 8) and 8 nm and
different InP barrier thicknesses Lg of 20 and 400 nm.
Photoluminescence characterizations of these high-quality
samples reveal line widths below 5 meV. The samples
were excited with a pulse compressed Nd-YAG laser with
pulse widths of about 10 ps. For detection of the transient
spectra the frequency up-conversion technique was used.
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FIG. 1. Schematic band diagram of In¢ s3Gao.47As/InP quan-
tum wells. The broken lines indicate the excitation with a Nd-
YAG laser: electrons are created about 100 meV above InP
conduction band. The dash-dotted arrows illustrate the diffu-
sion of electrons into the barrier.

10009 © 1989 The American Physical Society



RAPID COMMUNICATIONS

10010

All spectra were recorded at a bath temperature of 7, =2
K. An excitation density of about 20 kW cm ~2 was used
in all experiments. Using the absorption constant for
In,Ga; —As (Ref. 8) we obtain a corresponding hole den-
sity on the order of 10'! cm ™2

The emissions of quantum wells with similar well
widths but different barrier thicknesses reveals distinct
differences in the high-energy part of the transient spec-
tra. In Fig. 2 the time-delayed emissions of two samples
are compared, consisting of a quantum well with L, =3.5
nm and barriers Lg =20 nm [Fig. 2(a)] and a sample with
a single quantum well of L; =4 nm with a barrier layer
thickness of Lp =400 nm, respectively [Fig. 2(b)].

From the exponential energy dependence of the high-
energy part of the luminescence spectra, carrier tempera-
tures 7. for a given time delay have been evaluated.
Comparing both sets of spectra one can clearly see that
the carrier temperatures 7. differ strongly for similar time
delays. For the sample with the large barrier thickness
displayed in Fig. 2(b), the initial carrier temperature (10
ps after laser excitation) amounts only to about 110 K.
On the other hand, for the sample with the small barriers
[Fig. 2(a), Lp =20 nm] the carrier temperature reaches
up to T, =460 K shortly after laser excitation.

In going to longer time delays, the high-energy part of
the spectra of samples with different barriers behave quite
differently. For large barrier thicknesses the slope of the
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FIG. 2. Luminescence sepctra of Ings3Gao.47As/InP quantum
wells for different time delays after Nd-YAG laser excitation.
(a) Sample with L, =3.5 nm and Lg =20 nm. (b) Sample with
L; =4 nm and L =400 nm.
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high-energy edge of the emission varies slowly with time,
whereas for small barrier thicknesses, a rapid decrease of
T. during the first 200 ps is observed.

In Fig. 3, we compare the experimental data for the
carrier temperatures versus time delay for different well
widths L, and different barrier thicknesses Lg. For short
time delays, we observe carrier temperatures which vary
by a factor of about 5 between the samples with thin bar-
riers (see circles in Fig. 3), and thick barriers (triangles in
Fig. 3). As demonstrated by the data for quantum wells
of 4 and 3.5 nm as well as of 7 and 8 nm well widths, this
variation is independent of the well width.

For a quantitative analysis of the cooling curves, we
have performed calculations of the carrier temperature
within a microscopic model, including the energy loss
mechanisms for electrons and holes as well as the tran-
sient variation of the carrier densities of electrons and
holes. Equation (1) gives the energy-loss mechanisms in-
cluded in our model ‘

dE\_1/dE\ , [dE\ _/dE
< dr > a< dr >"°+< dr >""+< dr >"°
+%Eg(Lz)n3CA- m

E,: transition energy; n: carrier density of electrons or
holes; C4: Auger coefficient; (dE/dt): total-energy loss
rate for electrons and holes.

The first three terms of Eq. (1) describe the energy loss
via LO-phonon scattering (po), deformation potential
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FIG. 3. Carrier cooling curves for two sets of samples with
well widths of (a) 7 and 8 nm and (b) 3.5 and 4 nm, with
different barrier thicknesses of 20 nm (circles) and 400 nm (tri-
angles). Solid lines: calculations of the carrier cooling curves
(see text).
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scattering (dp), and piezoelectric scattering (pe), respec-
tively. The last term describes the carrier heating via
Auger processes, where an Auger coefficient of C4 =5
x107% cm™%s~! has been used.® The factor a is a
fitting parameter, taking into account the effective reduc-
tion of the carrier cooling due to hot phonon effects. We
can only fit our data consistently if we use a value of
a=600. Similar values have been reported previously for
this material system,'® and corresponds to an effective
LO-phonon scattering time of about 70 ps.

In order to include the influence of the different barriers
on the transient behavior of the carrier densities, we have
developed a simple three level model for the recombina-
tion. In this model the influence of the different barrier
widths is introduced by a combined capture and relaxation
time of the electrons from the InP barrier into the
In,Ga; -xAs quantum wells. For the different samples,
the capture and relaxation time was determined from fits
of the experimentally observed onset of the electron hole
plasma emission.® The lifetimes were obtained from the
exponential decay of the emission intensity for time delays
above about 600 ps.

Figure 4 depicts the calculated electron densities in the
In,Ga; - xAs quantum well of L, =4 nm for different bar-
rier thicknesses using the experimentally determined time
constants for the combined capture and relaxation time of
the electrons into the quantum well of SO and 220 ps, cor-
responding to the two investigated barrier thicknesses of
20 and 400 nm. For the thin barrier (broken line), the
electron density reaches a maximum at about 120 ps after
laser excitation, whereas for the large barrier of 400 nm
(solid line), the maximum of the electron density is
significantly delayed. This effect is due to the diffusion of
electrons in the InP barrier.

The density of the holes in the In,Ga; —yAs quantum
well on the other hand, has its maximum at zero time de-
lay. This is due to the fact that the holes are created reso-
nantly in the In,Ga,—,As wells. For large time delays,
above 600 ps (see Fig. 4), the densities of electrons and
holes in the quantum well approach the same value, and
finally decay exponentially with the typical recombination
lifetime for this quantum well thickness. !!
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FIG. 4. Transient behavior of the electron density in the
InxGa;-xAs quantum well for different barrier thicknesses:
solid line: Lg =400 nm; dashed line: Lg =20 nm.
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It is necessary to introduce the transient behavior of the
electron and hole densities in our calculations for the cor-
responding sample, to achieve a consistent fit to the exper-
imental data. From Eq. (1), we calculate the carrier tem-
peratures for electrons T.(¢) and holes T, (¢). For a cer-
tain time delay At the carrier temperature 7. (z +At) can
be obtained by using Eq. (2),'? assuming an instantaneous
thermalization of electrons and holes to a common T

n()E.()+pQ)E, ()
n()E. )/ T.+p)E,()/T), °’

where E. ,(¢) describes the mean energy of electrons and
holes. In Eq. (2), we take into account that the densities
of electrons n(¢) and holes p(¢) in the quantum well may
not be equal at a certain time delay, as electrons may
diffuse in the barrier.

The solid lines in Fig. 3 have been calculated from Egs.
(1) and (2), using the same standard energy loss rates for
the different scattering mechanisms and including the
different temporal variation of the electron densities in
samples with thick and thin barriers as displayed in Fig. 4.
The good agreement of experimental and theoretical data
for both barrier geometries demonstrates that the ob-
served drastic differences in the thermalization are due to
the influence of the barrier on the carrier cooling.

Physically, the influence of the transient variation of the
densities of electrons and holes on the cooling of hot car-
riers results from the different excess energies in conjunc-
tion with the different energy loss rates for electrons and
holes. For large barrier thicknesses the electrons move
significantly into the InP barrier whereas the holes are
kept confined to the quantum well. Therefore, the cooling
of holes occurs immediately after the laser pulse. More-
over, the energy loss rates for holes are considerably
larger than those for electrons.!3 On the other hand, cool-
ing of the electrons occurs only after the capture into the
quantum well. This leads to a separation of the thermali-
zation time scales of electrons and holes for large barriers.
The gradual increase of the electron concentration corre-
sponds to a small energy flux into the cold hole system and
hence only low plasma temperatures are obtained.

For small barrier thicknesses, electron and hole densi-
ties are equal shortly after the laser pulse, and no
significant diffusion into the barrier occurs. In this case
synchronous thermalization of electrons and holes takes
place, resulting in high initial carrier temperatures of
T,.=500 K.

In summary we have demonstrated experimentally and
by model calculations, that the cooling of hot carriers in
Ings3Gag.47As/InP quantum wells is strongly influenced
by the barrier geometry of the samples. By using a Nd-
YAG laser, electrons and holes can be spatially separated
due to the possibility of a diffusion of the electrons into
the InP barrier. The delayed capture of electrons into the
In,Ga;-xAs quantum well for large barrier thicknesses
leads to the formation of a cold electron hole plasma with
initial carrier temperatures below 110 K. For small bar-
rier thicknesses on the other hand, the synchronous
thermalization of electrons and holes gives rise to an elec-
tron hole plasma with high initial carrier temperatures
(T'=500K).

T.(t+At) =

)
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