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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.
@S0003-6951~96!03543-7#
L

s
s

d
s
g
t

i

e
L

s
i

ti

r

T
o

t

In
gap
zed,
an

e
rm
e
s

be
n-

of
g
s
e
cies

As
Low-temperature grown~LT! III–V semiconductors
have found various applications in optoelectronics and la
science1–3 due to the short carrier trapping time in these m
terials. The fast carrier trapping in LT semiconductors is d
to the incorporation of excess group-V atoms during
growth. The excess atoms form point defects,4 which act as
trap states.5 A short carrier trapping time is essential for fa
photoconductive switches with picosecond and subpico
ond response times.2,5 In laser science, the carrier trappin
time in LT semiconductors determines the recovery time
fast semiconductor saturable absorbers, which are use
generate picosecond and femtosecond pulses with solid-
lasers.3 While the response time of a device after a sin
optical excitation depends on the time scale of the ini
carrier trapping, the maximum repetition rate, at which ph
toconductive switches or saturable absorbers can be use
limited by the time in which the LT semiconductor relaxes
the ground state. This time is given by the recombinat
time of the optically excited electron–hole pairs.

In this letter, we study the growth temperature dep
dence of carrier trapping and carrier recombination in
GaAs thin films by differential transmission spectroscopy.
particular, we focus on the nonlinear absorption change
intermediate and high carrier densities. We find that, at h
densities, the point defects can be saturated, leading to a
change of the differential transmission. Our high-dens
data also shows that, at lower growth temperatures, the
combination of trapped carriers becomes slower whereas
rier trapping becomes faster. Therefore, careful optimiza
is required to simultaneously achieve fast response times
high maximum repetition rates in optoelectronic devices.

We study 1mm GaAs thin films grown by molecula
beam epitaxy on GaAs substrates at growth temperature
250, 300, and 350 °C, with no subsequent annealing.
As/Ga flux ratio is 30. X-ray diffraction measurements sh
that all samples are crystalline, as expected. To prepare
samples for transmission experiments, we etch off the s
strates and deposit antireflection coatings. Differential tra
mission experiments are carried out at room tempera
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with 100-fs pulses from a mode-locked Ti:sapphire laser.
these experiments, we excite and probe above the band
at 830 nm. The pump and probe pulses are cross polari
with the probe intensity one order of magnitude lower th
the pump intensity.

A schematic level diagram for LT GaAs is shown in th
inset of Fig. 1. In LT GaAs, the excess arsenic atoms fo
As antisites (AsGa) with energies close to the center of th
band gap.1 The AsGa point defect is a double donor, which i
generally found in the neutral charge state AsGa

0 and in the
single positive charge state AsGa

1 . Typical concentrations are
@AsGa

0 #'1020 cm23 and @AsGa
1 #'1019 cm23 at the lowest

growth temperatures at which crystalline LT GaAs can
grown ~'200 °C!. These concentrations decrease with i
creasing growth temperature.6,7 The positively charged
AsGa

1 defects act as electron traps since the properties
AsGa defects in LT GaAs and EL2 defects in semi-insulatin
GaAs are very similar6,8 and since EL2 defects are known a
electron traps.9 The positive AsGa

1 are compensated by nativ
acceptors. Recently, it has been shown that Ga vacan

FIG. 1. Room temperature differential transmission signals from LT Ga
grown at 250 °C~solid line!, 300 °C~dashed line!, and 350 °C~dotted line!
at a carrier densityN'531018 cm23. All curves have been individually
normalized. Inset: Schematic level diagram showing the valence~VB! and
the conduction band~CB! as well as the defect states of LT GaAs.
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(VGa) are the native acceptors in LT GaAs.10,11 The VGa

states are located in the lower half of the band gap with
concentration equal to the AsGa

1 concentration.1

At the excitation wavelength, transitions between the v
lence band~VB! and the conduction band~CB! as well as
AsGa

0 –CB transitions form the main contributions to the tota
population of excited carriers.12 We can neglect the VB–
AsGa

1 transition since the AsGa
1 concentration is less than one

tenth of the AsGa
0 concentration.7 Moreover, the absorption

cross section of the VB–AsGa
1 transition for excitation close

to the band gap is about half an order of magnitude low
than the one for the AsGa

0 –CB transition.13 Therefore, there
are too few VB–AsGa

1 transitions to significantly reduce the
concentration of AsGa

1 electron traps. We can also neglec
optical transitions involvingVGa since infrared absorption
spectra from LT GaAs can be well explained without con
sidering these transitions.6–8 As a consequence, the concen
tration of theVGa defects after an optical excitation is essen
tially given by the equilibrium concentration. If theVGa

defects act as trap states, the concentration of available tr
is essentially given by their equilibrium concentration.

Figure 1 shows differential transmission data for an i
termediate carrier density ofN'531018 cm23. After intra-
band carrier thermalization, the bleaching of the absorpti
(DT/T.0) in the 350 and 300 °C samples shows an initi
decay with time constants of 13 and 4 ps, respectively, due
trapping of carriers in point defects. We will later discus
that the slowly decaying contributions to the bleaching si
nals reflect the recombination of trapped carriers. As d
cussed previously, free electrons are trapped by the po
tively charged AsGa

1 . Of course, the density of the AsGa
1 traps

created by the optical AsGa
0 –CB transitions is equal to the

density of free electrons excited from the AsGa
0 . Therefore, in

order to avoid saturation of the electron traps, theequilib-
rium concentration of AsGa

1 has to be larger than the densit
of electrons excited from the VB.

The differential transmission signal from the 250 °C
sample shows a different feature compared to the sign
from the 350 and the 300 °C samples. In the 250 °C samp
fast carrier trapping results in a change from the initial a
sorption bleaching to induced absorption (DT/T,0) within
0.6 ps. Similar behavior has been previously observed in
GaAs, InP, and InGaP.14–16 Induced absorption due to
VB–CB transitions can result from band-gap renormaliz
tion at probe energies around the band gap.17 However, in
our case the probe energy is above the band gap and
induced absorption has to be related to defect-to-band tr
sitions. The reason for the induced absorption signal in L
GaAs is an excess population of trapped carriers, which c
build up in the defect states after the fast trapping. The
duced absorption is then the result of the reexcitation
trapped carriers. Consequently, the decay of this signal
flects the recombination of the carriers trapped in point d
fects. Of course, induced absorption is only observed
samples with a high defect concentration.

In Fig. 2 we have plotted the induced absorption sign
on a longer time scale. The induced absorption in the 250
sample decays with a time constant of 265 ps, i.e., recom
nation of trapped carriers occurs on a much longer time sc
Appl. Phys. Lett., Vol. 69, No. 17, 21 October 1996
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than the trapping.18 In fact, the observation of induced ab
sorption is a direct consequence of the combination of fa
trapping and slow recombination of trapped carriers. We al
note that radiative band-to-band recombination takes pla
on a nanosecond time scale in bulk semiconductors. It c
thus, be neglected compared to the faster recombination
defects in our LT GaAs samples.

The inset in Fig. 2 demonstrates that the induced abso
tion in the 250 °C sample changes to absorption bleaching
the carrier density is increased fromN'531018 cm23 to
N'531019 cm23. We conclude that the point defects ar
saturated at the high carrier density. The carriers remain
in the bands lead to strong bleaching of the VB–CB trans
tions, which masks the induced absorption from the defe
to-band transitions. The slow recombination of trapped ca
riers acts as a bottleneck for the depopulation of the ban
via the point defects if the defects are saturated. As a res
the decay of the bleaching at long time delays reflects t
slow recombination of trapped carriers while the initial de
cay of the bleaching is due to intraband carrier relaxation a
carrier trapping. The differential transmission signal from th
300 °C sample in Fig. 1 shows a slowly decaying contrib
tion to the bleaching already at a carrier densityN'5
31018 cm23. This part of the signal is due to the saturatio
of the defects and its decay reflects the recombination
trapped carriers. Thus, saturation of the defects occurs a
lower carrier density in the 300 °C sample than in the 250 °
sample, as expected from the lower defect concentration
the 300 °C sample.

The differential transmission signals from the thre
samples at the high carrier density ofN'531019 cm23 are
plotted in Fig. 3. Surprisingly, the high-intensity data show
that, in the long-time limit, the bleaching decays more slow
in the 250 °C sample than in the 300 and 350 °C samples
is clear from the data that the recombination of trapped c
riers becomes faster at higher growth temperatures. Thus,
recombination time of trapped carriers shows the oppos
growth temperature dependence as the carrier trapping tim
As expected, trappping becomes faster with decreas
growth temperature5 due to the increasing defect density.

FIG. 2. Room temperature differential transmission signal from the 250
sample atN'531018 cm23 ~dashed line! and exponential fit with a time
constant of 265 ps~solid line!. Inset: Differential transmission from the
250 °C sample atN'531018 cm23 ~dashed! and atN'531019 cm23

~solid!. All curves have been individually normalized.
2567Siegner et al.
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With respect to the growth temperature dependent
combination time, we will now argue that not only electro
but also holes are trapped in LT GaAs. Without hole tra
ping, recombination would take place only between trapp
electrons and free holes. The density of free holes would
independent of the defect concentrations and of the gro
temperature for a fixed excitation intensity. Increasing
growth temperature decreases the concentration of AsGa

1 elec-
tron traps and the density of trapped electrons. Due to
lower density of trapped electrons, the recombination r
would be lower in samples grown at higher growth tempe
tures. Experimentally, we observe the opposite growth te
perature dependence of the recombination rate. Co
quently, we conclude that holes are trapped in LT GaAs.

Moreover, we note that the spatial overlap between
extended wave function of a free carrier and the localiz
wave function of a trapped carrier is larger than the over
between the localized wave functions of two carriers trapp
in different, spatially separated, defects. Therefore, we
pect the recombination rate between a free carrier an
trapped carrier to be higher than the recombination rate
tween two carriers trapped in different defects. The ove
recombination rate can increase if the density of free carr
increases and the density of the spatially separated trap
electrons and holes decreases. Experimentally, we obs
such an increase of the recombination rate for higher gro
temperatures and lower defect concentrations when the
sity of free carriers is increased compared to the density
trapped carriers.19 This indicates that the above mechanis

FIG. 3. Room temperature differential transmission signals from LT Ga
grown at 250 °C~solid line!, 300 °C~dashed line!, and 350 °C~dotted line!
at a carrier densityN'531019 cm23. All curves have been individually
normalized.
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is effective. Therefore, the growth temperature dependen
of the recombination rate suggests that electrons and ho
are trapped indifferentpoint defects. Trapping of electrons
and holes in different, spatially separated, defects is also co
sistent with the relatively large recombination time of severa
100 ps. Since electrons are trapped by AsGa

1 , the most likely
candidate for the hole trap is theVGa defect.

In conclusion, we have performed differential transmis
sion experiments on LT GaAs at various growth tempera
tures and excitation densities. Our data demonstrates t
carrier trapping becomes faster while carrier recombinatio
becomes slower as the growth temperature is decreas
Both effects can be accounted for by the growth temperatu
dependence of the defect concentration. Here, both electr
and hole trapping have been taken into account. For applic
tions where both a subpicosecond trapping time and a pic
second recombination time are required, careful optimizatio
of the growth temperature is necessary.
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