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We study carrier dynamics in GaAs thin films grown by molecular beam epitaxy at 250, 300, and
350 °C by differential transmission experiments at various carrier excitation densities. The
differential transmission shows that carrier trapping in point defects is much faster than the
recombination of the trapped carriers. As a consequence, the defect states can be saturated at high
carrier densities. If the growth temperature is decreased, the initial trapping becomes faster while the
subsequent recombination of the trapped carriers becomes slower. We show that this is due to the
growth temperature dependent defect densities. 1996 American Institute of Physics.
[S0003-695(196)03543-1

Low-temperature grown(LT) IlI-V semiconductors with 100-fs pulses from a mode-locked Ti:sapphire laser. In
have found various applications in optoelectronics and lasethese experiments, we excite and probe above the band gap
sciencé 3 due to the short carrier trapping time in these ma-at 830 nm. The pump and probe pulses are cross polarized,
terials. The fast carrier trapping in LT semiconductors is duawith the probe intensity one order of magnitude lower than
to the incorporation of excess group-V atoms during LTthe pump intensity.
growth. The excess atoms form point deféctghich act as A schematic level diagram for LT GaAs is shown in the
trap states.A short carrier trapping time is essential for fast inset of Fig. 1. In LT GaAs, the excess arsenic atoms form
photoconductive switches with picosecond and subpicose®s antisites (Ag,) with energies close to the center of the
ond response times. In laser science, the carrier trapping band gag. The Ass, point defect is a double donor, which is
time in LT semiconductors determines the recovery time ofgenerally found in the neutral charge state2Aand in the
fast semiconductor saturable absorbers, which are used #ingle positive charge state As Typical concentrations are
generate picosecond and femtosecond pulses with solid-stgtas2 ]~10?°° cm™2 and[As{]~10° cm 2 at the lowest
lasers? While the response time of a device after a singlegrowth temperatures at which crystalline LT GaAs can be
optical excitation depends on the time scale of the initialgrown (=200 °Q. These concentrations decrease with in-
carrier trapping, the maximum repetition rate, at which pho<reasing growth temperatufé. The positively charged
toconductive switches or saturable absorbers can be used,A'gga defects act as electron traps since the properties of
limited by the time in which the LT semiconductor relaxes 0 Asg, defects in LT GaAs and EL2 defects in semi-insulating
the ground state. This time is given by the recombinationGaAs are very simil&® and since EL2 defects are known as
time of the optically excited electron—hole pairs. electron traps.The positive A§, are compensated by native

In this letter, we study the growth temperature depengcceptors. Recently, it has been shown that Ga vacancies
dence of carrier trapping and carrier recombination in LT

GaAs thin films by differential transmission spectroscopy. In
particular, we focus on the nonlinear absorption changes at

intermediate and high carrier densities. We find that, at high 10 i
densities, the point defects can be saturated, leading to a sign 0.8}
change of the differential transmission. Our high-density
data also shows that, at lower growth temperatures, the re- N 08-
combination of trapped carriers becomes slower whereas car- S ¢4l
rier trapping becomes faster. Therefore, careful optimization g
is required to simultaneously achieve fast response times and ‘,:’ 02
high maximum repetition rates in optoelectronic devices. S 0.0 ksonnl
We study 1um GaAs thin films grown by molecular
beam epitaxy on GaAs substrates at growth temperatures of 0.2
250, 300, and 350 °C, with no subsequent annealing. The
.. . . -04L | ] 1 1 =
As/Ga flux ratio is 30. X-ray diffraction measurements show -5 0 5 10 15 20
that all samples are crystalline, as expected. To prepare the Time Delay (ps)

samples for transmission experiments, we etch off the sub-

strates and deposit antireflection coatings. Differential transgiG. 1. Room temperature differential transmission signals from LT GaAs
mission experiments are carried out at room temperaturgrown at 250 °Qssolid ling), 300 °C(dashed ling and 350 °Q(dotted ling

at a carrier densitN~5x 10" cm 3. All curves have been individually
normalized. Inset: Schematic level diagram showing the valéviBg and
dElectronic mail: siegner@ige.phys.ethz.ch the conduction ban{CB) as well as the defect states of LT GaAs.
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(Vg are the native acceptors in LT GaA%!! The Vg, 0.0FT . . . . —
states are located in the lower half of the band gap with a ‘
concentration equal to the Asconcentratior.

At the excitation wavelength, transitions between the va-
lence bandVB) and the conduction ban@CB) as well as
As2_—CB transitions form the main contributions to the total
population of excited carriefé. We can neglect the VB—
As¢, transition since the Ag, concentration is less than one _
tenth of the A&, concentratiorl. Moreover, the absorption ) 02| AL TN
cross section of the VB—Ag transition for excitation close ety
to the band gap is about half an order of magnitude lower ' I ! ! ! .
than the one for the Rs—CB transition'® Therefore, there °¢ % 1?.0 o 1|50 200 =0
are too few VB—Ag, transitions to significantly reduce the ime Delay (pe)

concentration of A@a electron traps. We can also neglect ) ) o i
optical transitions involvingV, since infrared absorption ;ﬁ{p?é :u?lojstjmgrix[g ?éf;if:c:""I‘i'rgzrr‘]sdméi;'ggeﬂg;’"][i:r\?vﬁ]htzeﬂﬁg c
spectra from LT GaAs can be well explained without con-constant of 265 pgsolid line). Inset: Differential transmission from the
sidering these transitiofs® As a consequence, the concen- 250 °C sample aN~5x10® cm 3 (dashey and atN~5x10" cm™3
tration of theV g, defects after an optical excitation is essen-(solid. All curves have been individually normalized.
tially given by the equilibrium concentration. If th¥g,
defects act as trap states, the concentration of available trags;n the trapping® In fact, the observation of induced ab-
is essentially given by their equilibrium concentration.  gorption is a direct consequence of the combination of fast
Figure 1 shows differential transmission data for an in-yrapping and slow recombination of trapped carriers. We also
termediate carrier density &f~5x10'® cm™°. Afterintra-  pote that radiative band-to-band recombination takes place
band carrier thermalization, the bleaching of the absorptioRy, 5 nanosecond time scale in bulk semiconductors. It can,
(AT/T>0) in the 350 and 300 °C samples shows an initialyys pe neglected compared to the faster recombination via
decay with time constants of 13 and 4 ps, respectively, due tgefects in our LT GaAs samples.
trapping of carriers in point defects. We will later discuss  The inset in Fig. 2 demonstrates that the induced absorp-
that the slowly decaying contributions to the bleaching sig+jon in the 250 °C sample changes to absorption bleaching if
nals reflect the recombination of trapped carriers. As diSthe carrier density is increased froN~5x 10 cm™3 to
cussed previously, free electrons are trapped by the posjy~5x10'® cm™3. We conclude that the point defects are
tively charged Ag,. Of course, the density of the Astraps  saturated at the high carrier density. The carriers remaining
created by the optical Rg—CB transitions is equal to the in the bands lead to strong bleaching of the VB—CB transi-
density of free electrons excited from thegsTherefore, in  tions, which masks the induced absorption from the defect-
order to avoid saturation of the electron traps, #wilib-  to-band transitions. The slow recombination of trapped car-
rium concentration of A§, has to be larger than the density riers acts as a bottleneck for the depopulation of the bands
of electrons excited from the VB. via the point defects if the defects are saturated. As a result,
The differential transmission signal from the 250 °C the decay of the bleaching at long time delays reflects the
sample shows a different feature compared to the signalslow recombination of trapped carriers while the initial de-
from the 350 and the 300 °C samples. In the 250 °C sampl&ay of the bleaching is due to intraband carrier relaxation and
fast carrier trapping results in a change from the initial ab-carrier trapping. The differential transmission signal from the
sorption bleaching to induced absorptiohT/T<<0) within 300 °C sample in Fig. 1 shows a slowly decaying contribu-
0.6 ps. Similar behavior has been previously observed in LTion to the bleaching already at a carrier densiy=5
GaAs, InP, and InGaP™'® Induced absorption due to x 10 cm™3. This part of the signal is due to the saturation
VB-CB transitions can result from band-gap renormaliza-of the defects and its decay reflects the recombination of
tion at probe energies around the band Yaplowever, in  trapped carriers. Thus, saturation of the defects occurs at a
our case the probe energy is above the band gap and thewer carrier density in the 300 °C sample than in the 250 °C
induced absorption has to be related to defect-to-band trarsample, as expected from the lower defect concentration in
sitions. The reason for the induced absorption signal in LTthe 300 °C sample.
GaAs is an excess population of trapped carriers, which can The differential transmission signals from the three
build up in the defect states after the fast trapping. The insamples at the high carrier densityd&5x10"° cm™2 are
duced absorption is then the result of the reexcitation oplotted in Fig. 3. Surprisingly, the high-intensity data shows
trapped carriers. Consequently, the decay of this signal rehat, in the long-time limit, the bleaching decays more slowly
flects the recombination of the carriers trapped in point dein the 250 °C sample than in the 300 and 350 °C samples. It
fects. Of course, induced absorption is only observed ins clear from the data that the recombination of trapped car-
samples with a high defect concentration. riers becomes faster at higher growth temperatures. Thus, the
In Fig. 2 we have plotted the induced absorption signarecombination time of trapped carriers shows the opposite
on a longer time scale. The induced absorption in the 250 °@rowth temperature dependence as the carrier trapping time.
sample decays with a time constant of 265 ps, i.e., recombiAs expected, trappping becomes faster with decreasing
nation of trapped carriers occurs on a much longer time scalgrowth temperaturedue to the increasing defect density.
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1.0 : , , : is effective. Therefore, the growth temperature dependence
fast thermalization of the recombination rate suggests that electrons and holes
and fast trapping are trapped irdifferent point defects. Trapping of electrons
and holes in different, spatially separated, defects is also con-
sistent with the relatively large recombination time of several
100 ps. Since electrons are trapped by, Aghe most likely
candidate for the hole trap is thés, defect.
7 In conclusion, we have performed differential transmis-
sion experiments on LT GaAs at various growth tempera-
tures and excitation densities. Our data demonstrates that
carrier trapping becomes faster while carrier recombination
00 | I . T becomes slower as the growth temperature is decreased.
0 20 40 60 80 Both effects can be accounted for by the growth temperature
Time Delay (ps) dependence of the defect concentration. Here, both electron
and hole trapping have been taken into account. For applica-
FIG. 3. Room temperature differential transmission signals from LT GaAstions where both a subpicosecond trapping time and a pico-
grown at 250 “Asolid line), 300 °C(dashed ling and 350 *Qdotted ling  second recombination time are required, careful optimization
?gramgﬁrzr;r densitiN~5x 10" cm 3. All curves have been individually of the growth temperature is necessary.
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