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Room temperature absorption spectra of low temperature molecular beam epitaxy grown GaAs
~LT-GaAs! and AlGaAs~LT-AlGaAs! are reported. We performed measurements in an extended
spectral range from 0.8 eV to photon energies of 2.8 eV far above the band gap. For as-grown
LT-materials, the absorption coefficients at the band gap are twice as high as for high temperature
grown materials. By annealing the samples, we obtained a drastic reduced absorption coefficient
below as well as above the band gap. We observed absorption changes up to 17 000 cm21 for
LT-GaAs and 9000 cm21 for LT-AlGaAs taking place in a two phase process. ©1996 American
Institute of Physics.@S0003-6951~96!00201-9#
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Growth of GaAs at low substrate temperatures1 was first
reported by Smithet al. in 1988. Since then many article
have been published demonstrating the unusual and very
pealing properties of this material, such as femtosecond
combination lifetimes for photoinduced carriers in the a
grown state2 and semi-insulating behavior with a she
resistance up to 107 V cm after annealing3 ~typically around
600 °C for several minutes!, respectively. These remarkab
features make low temperature~LT!-GaAs and related mate
rials like LT-AlGaAs very attractive for ultrafast optoelec
tronic applications.

Molecular beam epitaxy~MBE! growth at low substrate
temperatures~180–250 °C! and large As/Ga flux ratios re
sults in up to 1% excess As in LT materials.4 Due to the
reduced surface mobility and the excess of As, arsenic a
site ~AsGa) and arsenic interstitial (Asi) defects ('1020

cm23) are created.
The AsGa defect shows similarities to the well-know

EL2 defect and has been investigated in detail by a la
number of scientists~see, e.g., Ref. 5!, but a lack of clarity
still remains about the atomic structure of this defect and
mechanism of occupying a metastable state at tempera
below 130 K. Nevertheless, a promising theoretical mo
has been presented.6,7

One common technique for characterizing the EL2
fect is to perform subband gap infrared absorption~IRA!
experiments. Comparing the results of experiments on se
insulating substrates grown by the liquid encapsulated C
chralski ~LEC! method ~containing about 1016 cm23 EL2
defects! and those obtained on LT-GaAs layers, similariti
in absorption spectra4 and the metastable behavior8 were ob-
served. These similarities were confirmed by comparing v
ous other properties of the EL2 defect and LT-GaAs defe

a!Electronic mail: dankowski@physik.uni-erlangen.de
Appl. Phys. Lett. 68 (1), 1 January 1996 0003-6951/96/68(1)
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using a variety of experimental techniques.9,10Certain devia-
tions of conformity in those spectra have been explained b
local strain in LT-GaAs.4 Taking these strain effects into ac-
count, it seems reasonable to call at least a certain part of th
defects in LT-GaAs. ‘‘EL2-like defects.’’

In IRA experiments on semi-insulating LEC-grown
GaAs substrates, the EL2-like AsGa defect spectra can be
observed only at photon energies less than the band gap
the host material~1.42 eV at room temperature!. Above the
band gap, their contribution to the absorption coefficien
~,10 cm21!11 cannot be discriminated from the strong band-
to-band absorption. However, this is not the case in IRA
experiments on LT-GaAs. In this material, the defect-induced
absorption is almost four orders of magnitude higher than in
semi-insulating material due to the extremely high defec
density. Therefore, the observable spectral region for EL2
defect absorption can be extended to photon energies abo
band gap. This is possible for these energies because t
above band gap absorption caused by deep defects in L
GaAs is of the same order of magnitude as the absorptio
caused by the host material. Hence, it enables us to obser
above band gap absorption spectra of the EL2-like defects
thin layers of LT-GaAs and LT-AlGaAs.

In this letter we present absorption spectra for photon
energies from 0.8 to 2.8 eV far above the band gap using th
following three samples:

~i! Sample A consists of a GaAs buffer layer and a 50 nm
thick AlAs sacrificial layer grown on a semi-insulating GaAs
substrate followed by a 1.3mm thick undoped LT-GaAs layer
grown at 250 °C.

~ii ! Sample B is the reference sample for A and possesse
a similar structure with 1.5mm standard GaAs grown at
580 °C instead of LT-GaAs.

~iii ! Sample C is comprised of a 1mm thick undoped LT-
Al0.3Ga0.7As layer~Tgrowth5250 °C! and a GaAs buffer layer
grown on a semi-insulating GaAs substrate.
37/37/3/$6.00 © 1996 American Institute of Physics
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In order to observe the influence of annealing on t
absorption, we tempered pieces of sample A at 400, 4
470, 500, and 600 °C in a rapid thermal annealer under2

atmosphere for 1 min. By annealing the LT-GaAs sampl
the EL2-like AsGa antisite defects precipitate into As
clusters.12 To avoid As evaporation during annealing, th
samples were placed face down on a GaAs substrate.
piece of sample C was annealed at 600 °C using the sa
procedure.

After annealing the samples, we separated the thin e
taxial LT-GaAs and standard GaAs layers of samples A a
B from the substrate by epitaxial liftoff~ELO!.13 The ELO
was done by using 10% HF, which etches the AlAs sacrific
layer highly selective against GaAs. To obtain a thin L
AlGaAs layer, we polished the substrate of the pieces
sample C down to roughly 100mm and used a selective
etchant based on citric acid and hydrogen peroxide14 to re-
move the remaining substrate.

First transmission measurements on these samples h
shown that the absorption spectra are strongly distorted
oscillations for energies below the band gap that are att
uted to the air–LT-GaAs~LT-AlGaAs!–glass Fabry–Pe´rot
cavity. With increasing annealing temperature, the extre
of the Fabry–Pe´rot oscillations~FPO! shift towards higher
energies. This result confirms our previously reported a
nealing induced decrease of the refractive indexDn'0.2 in
LT-GaAs.15 For the following measurements, we suppress
the FPO for photon energies near the band gap by evapo
ing an antireflection coating onto the LT-~Al !GaAs surfaces.

After preparing the samples, room temperature transm
sion measurements were performed from 0.8 eV to pho
energies far above the band gap. To obtain the absorp
coefficient, we compared the optical power transmitt
through the setup with and without sample after correcti
the data for the reflection losses.

Figure 1 shows the absorption spectra of the various
nealed pieces of sample A and the spectra of the refere
sample. The observable negative absorption coefficients
artificially created by FPO at photon energies where the
tireflection coating is not effective anymore.

We notice the well-known8 subband gap absorption o

FIG. 1. Absorption spectra of LT-GaAs grown at 250 °C and annealed
different temperatures. In addition, the spectrum of the GaAs refere
sample is shown.
38 Appl. Phys. Lett., Vol. 68, No. 1, 1 January 1996
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LT-GaAs for photon energies below the band gap. Thes
photons are absorbed solely by the immense amount of de
defects formed by excess As. This absorption can be d
creased by more than one order of magnitude due to t
annealing induced agglomeration of the AsGa antisite defects
into As precipitates. However, for higher photon energies
both interband as well as defect absorption contribute to th
absorption of LT-GaAs. The latter contribution is the differ-
ence between the absorption coefficients of the as-grow
piece of sample A and the reference sample. Also, for photo
energies above the band gap, the defect absorption
strongly reduced by annealing due to the reduction of AsGa

antisite defects. To our knowledge these are the first abo
band gap absorption data of LT-GaAs.

Figure 2 shows the annealing induced absorptio
changesDa of LT-GaAs for various annealing temperatures
determined by subtraction of the as-grown spectra from th
other curves of Fig. 1. The change of the absorption coeffi
cient follows a two-phase process:~1! For annealing tem-
peratures between 400 and 470 °C, we observe a significa
absorption changeDa of about 10 000 cm21 for photon en-
ergies around the band gap. This is due to the anneali
induced reduction of the defect concentration. For these a
nealing temperatures, the absorption changes show on
weak structures. Only for photon energies around the ba
gap there is a slight dip in the spectra.~2! For higher anneal-
ing temperatures, there is almost no further increase ofDa,
but the structure around the band gap becomes more p
nounced. In particular, the difference spectrum between th
as-grown sample and the reference sample exhibits a sh
peak of almost 7000 cm21. The comparison of the absorption
spectra of Fig. 1 shows that this structure results from the fl
slope of the absorption coefficient of as-grown LT-GaAs nea
the band edge, which is getting sharper by annealing.

TheDa spectra of the 600 °C annealed sample A and th
reference sample exhibit another, much smaller, dip ofDa at
photon energies around 1.75 eV. At this energy the splito
band to conduction band transition sets in. Therefore, th
structure is also caused by the flat slope of the absorptio
coefficient of as-grown LT-AlGaAs near the splitoff transi-
tion, which is getting sharper by annealing. Figure 3 show

at
ce
FIG. 2. Absorption changeDa of various annealed LT-GaAs samples rela-
tive to the as-grown sample. The effects due to the FPO below the band g
were eliminated in the curves.
Dankowski et al.
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an extended plot of the absorption spectra for as-grown
GaAs and standard GaAs. The spectra exhibit a structure
shape for photon energies above 1.8 eV, while the differen
in absorption between as-grown LT-GaAs and standard Ga
is nearly constant. For energies above 2.3 eV, the experim
tal error is getting too large for calculating the absorptio
changeDa, while the tendency is described correctly.

A slightly different behavior is observed for the LT
AlGaAs samples shown in Fig. 4. Sample C exhibits a sim
lar tendency in the absorption spectra as LT-GaAs. For t
sample, the additional defect absorption is considera
smaller ~10 000 cm21 near the band gap!, and its set in is
shifted to higher energies due to the different band gap.

The absorption change between the as-grown sam
and the sample annealed at 600 °C shown in Fig. 5 reac
its maximum of 9000 cm21 around the band gap energy fol
lowed by a sharp dip down to 2000 cm21 at 1.82 eV. The
subsequent decrease of the absorption change results in aDa
of about 4000 cm21 at 2.3 eV. Also for this material, an
absorption peak is observed around the band gap. Again,
peak and the following dip is caused by the flat slope of t
absorption coefficient of as-grown LT-AlGaAs near the ba
gap energy which is getting sharper by annealing.

In conclusion, we investigated to our knowledge for th
first time the above band gap absorption of LT-GaAs a

FIG. 3. Extended absorption spectra of the as-grown LT-GaAs sample
the GaAs reference sample. For energies above 1.8 eV, no obvious stru
is visible.

FIG. 4. Absorption of as-grown and 600 °C annealed LT-AlGaAs sampl
Appl. Phys. Lett., Vol. 68, No. 1, 1 January 1996
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LT-AlGaAs at room temperature. Compared to the reference
sample, we observed an increased absorption coefficient b
low as well as above band gap energies. The annealing in
duced absorption change amounts to up to 17 000 cm21 for
LT-GaAs and 9000 cm21 for LT-AlGaAs, respectively. The
change of the absorption coefficients of LT-GaAs is a two-
phase process. Up to 470 °C there is a strong decrease ofa
with only weak structures. For higher annealing tempera-
tures, a sharp structure appears at band gap energy as well
a much smaller one at the energy of the splitoff band to
conduction band transition. These structures are even mor
strongly developed in the difference spectrum of the as-
grown LT-GaAs sample and reference sample. A similar be
havior was also observed for LT-AlGaAs but with smaller
Da and shifted to the corresponding band gap.

The project is partly founded by the Deutsche Fors-
chungsgemeinschaft.
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