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A simple nonradiative Shockley-Read-Hall recombination model is used to interpret transient
reflectivity and midinfrared transmission experiments of low-temperature-grown GaAs �LT-GaAs�
materials annealed under various conditions of temperature and duration. The model introduces two
main parameters, namely the deep-donor �NDD� and the acceptor �NA� concentrations in the GaAs
matrix, to explain all observed behaviors coherently with other results in the literature. A precise
study of the different parameters �pump wavelength and power, NDD, NA, etc.� is performed using
our model. The introduction of growth and anneal-related parameters, such as NA and NDD, allows
a good understanding of LT-GaAs. These results demonstrate the importance of acceptor densities
in the dynamic properties. © 2007 American Institute of Physics. �DOI: 10.1063/1.2763971�

I. INTRODUCTION

Low-temperature-grown GaAs �LT-GaAs� is a key con-
stituent for ultrafast optical and optoelectronic components,
such as THz radiation sources/detectors or semiconductor
saturable absorber mirrors for femtosecond pulse generation.
This is related to the material’s very short carrier lifetime,
which is on the order of 0.1–10 ps, combined with a high
carrier mobility, which ranges from 10 to 1000 cm2/V s.
However, in spite of several years of study and the impor-
tance of LT-GaAs for the above-mentioned emerging tech-
nologies, much of its basic properties still need a better un-
derstanding. This is particularly the case if one wants to
perform a “fine-tuning” of the LT-GaAs properties in order to
optimize a given device.

It is known that during the growth of LT-GaAs, an im-
portant amount of As-related point defects �As interstitials or
antisites, Ga vacancies� is incorporated into the matrix.1 The
antisite �AsGa�-related defects are known to form a deep-
donor �DD� band, which is partially ionized by residual ac-
ceptors incorporated during the growth �like carbon� or by
gallium vacancies �VGa� incorporated during the LT growth,
which are known to be acceptors.2,3 The partially ionized DD
band forms an effective recombination center, which lowers
the carrier lifetime to the picosecond range without decreas-

ing dramatically the mobility. When the material is annealed,
the point defects precipitate into As clusters, which usually
leads to an increase of the carrier lifetime and a recovery of
the mobility. The resistivity and carrier lifetime of LT-GaAs
have been shown to depend critically on post-growth anneal-
ing conditions.4–10

Carrier lifetime measurements are performed using vari-
ous techniques, such as pump-probe reflectivity,6–9,11,12

pump-probe transmission,4,13 or photoconductive sampling.14

Concerning the interpretation of the measured carrier life-
times and the capability of predicting them, however, there is
still a lack of quantitative analysis covering the entire range
of the possible treatments of the material, from the as-grown
situation to the different possible annealings. Previous rate-
equation models used to describe the dynamic properties of
LT-GaAs layers have the disadvantage of using parameters
that cannot be easily related to basic material properties
�such as acceptor or donor concentrations�. In Ref. 12, we
presented the advantages of a one-center Shockley-Read-
Hall �SRH� rate equation model to calculate the different
carrier concentrations as a function of time. The study
showed that, for the samples studied, the negative transients
observed in photoreflectivity experiments were related to the
amount of acceptors present in the LT-GaAs matrix.

Here, we perform a systematic analysis of the transient
photoreflectivity and infrared �IR� transmission data taken
from various LT-GaAs layers grown at different temperatures
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�low and high� and annealed under different conditions �long
and short cycles�. These results are completed by a careful
study of the effects of the model parameters.

This paper is organized as follows: �i� we detail precisely
the experimental techniques used, including the calibration
methods used during the molecular beam epitaxy �MBE�
growth, and the pump-probe setup; �ii� we describe the re-
sults obtained with the different LT-GaAs samples; �iii� we
detail the SRH model and the reflectivity curves calculation
used to describe the experimental data; �iv� we perform a
precise and exhaustive analysis of the recorded data using
our model, relating the different parameters to quantifiable
material properties.

II. EXPERIMENTAL TECHNIQUE

The samples studied �noted A and B� were grown on a
Varian Mod Gen II MBE reactor, on epiready nominal semi-
insulating GaAs �001� substrates. They consist of a
2 �m-thick layer of LT-GaAs embedded between 20-nm-
thick Al0.25Ga0.75As layers, in order to avoid surface recom-
bination and leakage of photogenerated carriers to the sub-
strate. These Al0.25Ga0.75As layers provide efficient potential
barriers for both electrons and holes created in the GaAs
layer. In the absence of a cap layer, the carrier lifetime can be
significantly reduced by surface recombination processes.
The choice of this sample structure leads to a simplification
of the theoretical analysis of the carrier dynamics since sur-
face recombination can be neglected. We used an arsenic
cracker cell to provide the As4 flux, and controlled the V/III
ratio with As4 and Ga beam equivalent pressure measure-
ments. To determine the V/III ratio, we took as a definition
that, on a �100� GaAs substrate maintained at 550 °C, the
surface reconstruction transition from the �2�4� to the �4
�2� occurs for As/Ga=1. The growth rate of GaAs
��1 �m/h� was determined by the intensity oscillations of
the specular reflection high-enery electron diffraction
�RHEED� beam from GaAs �100� substrates. The surface
temperature above 400 °C was measured by a short- wave-
length �0.94 �m� pyrometer. For temperatures below
400 °C �i.e., for LT-GaAs growth�, the substrate temperature
was estimated with a thermocouple placed behind the sub-
strate. The thermocouple temperature is not a parameter that
can be compared between different growth reactors or even
different kinds of substrates. We therefore took the following
precautions: we used the same molybdenum substrate holder
as well as the same kind of substrates �2 in., semi-insulating,
and single face polished�. We furthermore used the deep-
donor �DD� concentration as the main parameter to charac-
terize the grown LT-GaAs layers. Indeed, the deep-donor
concentration is related to the excess As incorporated in the
matrix and can be measured by high-resolution x-ray diffrac-
tion �HR-XRD�. For samples A and B, a V/III ratio of 2.2
was used. The thermocouple temperatures were 280 and
320 °C for the samples A and B, respectively. These tem-
peratures correspond to the range of maximum practical in-
terest when aiming at materials with short capture times and
short recovery times. For higher growth temperatures, excess
As concentrations are not large enough to produce very short

capture times. For lower growth temperatures, there are slow
recovery transients regardless of the annealing conditions.

Once grown, the samples were cleaved and flash-
annealed for 500 °C/60 s, 700 °C/60 s, 800 °C/60 s, or
500 °C/600 s, under a N2 atmosphere, face down on a
GaAs substrate. HR-XRD analysis performed on all samples
gave the lattice variation parameter �a /a induced by the
excess arsenic incorporated in the layers. Using the calibra-
tion of Liu et al.,15 we were able to estimate the DD concen-
tration in our samples. We should note that for samples an-
nealed above 700 °C, the DD concentration is below our
detection limit ��1018 cm−3�.

The pump-probe reflectivity experiments were per-
formed at room temperature, using a femtosecond 76-MHz
Ti:sapphire oscillator operating at 812 nm, with a full width
at half-maximum duration of 100 fs. The pump beam of 70
mW, focused down to 50 �m, is expected to generate about
7�1017 cm−3 electron-hole pairs in the region probed by the
reflected beam at the surface of the sample. In this configu-
ration, the variation of the reflectivity as a function of the
delay time between the pump and the probe at the same
wavelength was measured. The transient reflectivity signal
reflects the presence of carriers in the conduction and va-
lence band: the photocreated carriers induce a change of ab-
sorption due to band filling, band-gap renormalization, trap
filling state, and free-carrier absorption.16 The measured
�R /R0 signal is on the order of a few 10−4.

The pump-probe transmission experiments were similar
to the reflectivity ones, but although the pump was always at
�812 nm, the probe was centered at 13 �m, i.e., 95 meV.
For these experiments, we used a Ti:sapphire 200-kHz regen-
erative amplifier �Coherent� followed by a parametric ampli-
fier and difference frequency mixer.17,18 At this low probe
energy �95 meV�, neither gallium vacancies nor deep donors
are excited because they have larger binding energies,19 and
even if shallow impurities or defect complexes exist with
binding energy around or inferior to 95 meV, they are ex-
pected to be few in number. Moreover, since the Fermi level
should be pinned to the DD band,15,20 these shallow levels
should be almost empty in the absence of laser pulse and
thus contribute negligibly to the absorption. The transient
repopulation of these levels during the pulse can also be
neglected as long as the number of shallow levels is much
smaller than the number of deep donors. When this holds, the
measured IR transmission signal can be directly related to
free-carrier absorption �either of electrons or holes�.

III. EXPERIMENTAL RESULTS

Table I shows the DD concentrations determined from
the HR-XRD or deduced afterwards from the fit �normal or
italic characters, respectively�. We can see that, as expected,
the DD concentration is higher when the growth temperature
is lowered, indicating an increase of the As-related defect
incorporation for lower temperatures and thus a greater lat-
tice parameter increase. Also, we observe a decrease of the
DD concentration with the annealing, which reflects the pre-
cipitation and the As-cluster formation, with the consequent
reduction of the amount of point defects in the matrix.
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Concerning the lifetimes, Figs. 1 and 2 show the re-
corded �R /R0 signal of samples A and B as a function of the
pump-probe delay. Transient reflectivity data are presented
on a linear scale in Fig. 1 and on a logarithmic scale in Fig.
2. We can see that the �R /R0 signal rapidly increases from
zero to a maximum value as the pump injects electron-hole
pairs into the LT-GaAs material. The signal then rapidly de-
creases in the following 0.5 ps. This is attributed to relax-
ation and cooling of the carriers, which are generated with a
total excess energy of 120 meV above the band gap. The
following nonexponential decrease of the signal corresponds
to the carrier trapping by the DD states, which is usually
related to the carrier lifetime.

In the data taken from as-grown samples �Figs. 2�a� and
2�b��, we observe a decrease of the decay time as the growth
temperature decreases. This can be related to the increasing
point-defect concentration �see Table I�. Nevertheless, in the
annealed 500 °C/60 s case, even if the DD concentration is
decreased, two different behaviors are observed: for sample
A, the lifetime remains almost unchanged compared to the
as-grown case, while for sample B, the lifetime decreases
significantly. This is inconsistent with the usual analysis,
which assumes that the lifetime is inversely proportional to
the amount of DD defects in the matrix.7 However, for the
700 °C/60 s anneal, the lifetime becomes longer for both
samples, and follows the expected behavior.

Figure 3 shows results from both �R /R0 and �T /T0 IR
measurements for sample B annealed 500 °C/600 s. It is
important to note that the same pump intensity was used for
both measurements. Two different behaviors can be ob-
served: while the �R /R0 signal has a first very fast, subpi-
cosecond decrease followed by a negative, very long
��100 ps� recovery time, the �T /T0 IR signal has only a
single very slow decrease with a time constant of �150 ps.

Figure 4 shows the recorded transient reflectivity data
taken from samples annealed 800 °C/60 s. The decay rate
is, as expected, longer than for the as-grown cases, but sur-
prisingly, the decay rate for sample B annealed 800 °C/60 s
is similar or even slightly shorter than for sample B annealed
700 °C/60 s �see Fig. 1�. We should note that for the
800 °C/60 s anneal, we were unable to determine the NDD

using the x-ray diffraction analysis, which is under our de-
tection limit, but we would not expect an increase of this

TABLE I. Sample parameters and growth conditions. For NDD, normal char-
acters: measured. For NDD and all NA values, italic characters: deduced from
the fit.

Anneal NDD �cm−3� NA �cm−3�

Sample A as-grown 5.9�1019 1.5�1018

Tg=280 °C 500 °C/60 s 1.5�1019 1.6�1018

700 °C/60 s 8.9�1017 8.9�1017

800 °C/60 s (8−4.6)�1017 4.6�1017

500 °C/600 s 1.0�1019 7�1018

Sample B as-grown 2.3�1019 5�1017

Tg=320 °C 500 °C/60 s 6.7�1018 7.5�1017

700 °C/60 s (8−5)�1017 5�1017

800 °C/60 s (8−5.2)�1017 5.2�1017

500 °C/600 s 5�1018 4.2�1018

FIG. 1. Transient reflectivity signals �linear scale� recorded for sample A
and sample B as-grown and after various annealing conditions.

FIG. 2. Transient reflectivity signals �log scale� for sample A �top� and
sample B �bottom� as-grown and annealed 60 s for 500 and 700 °C �solid
lines� and their respective modeling �dotted lines�.
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value with an increased annealing temperature. The decrease
of the decay rate with temperature should therefore not be
related to an increase of NDD.

These results show the following. First, the observed de-
cay rates do not follow the reduction of the NDD concentra-
tion in the samples, which seems to contradict the recombi-
nation model generally accepted for LT-GaAs. Second, the
slow or long-lasting negative transients �NTs� observed can-
not be explained in terms of a single decay rate. These two
points demonstrate the necessity of a more accurate descrip-
tion of the LT-GaAs material.

IV. MODEL

A. Hole and electron density calculation

To describe the carrier dynamics, we used a Shockley-
Read-Hall model including thermal processes.21,22 The rate
equations concern an electron density in the conduction band
n, a hole density in the valence band p, and a nonionized
deep-donor density nDD. Since the SRH-recombination is
dominant in LT-GaAs, the band-to-band radiative recombina-
tion term is neglected here, as well as Auger recombination.
The surface recombination term is also neglected, since the

presence of the AlGaAs barriers prevents carrier leakage to
the surface. The rate equations can be expressed as follows
�see Fig. 5 for definitions�:

dn

dt
=

I

h�
� − �CB-DDn�NDD − nDD� + nDD�DD-CB

th �1�

dnDD

dt
= − �VB-DDnDDp + �CB-DDn�NDD − nDD�

+ �DD-VB
th �NDD − nDD� − �DD-CB

th nDD �2�

dp

dt
=

I

h�
� − �VB-DDnDDp + �DD-VB

th �NDD − nDD� �3�

where I is the time-dependent incident power density, h� is
the beam energy, � is the GaAs absorption coefficient at h�,
�CB-DD is the electron-to-donor capture coefficient, �VB-DD is
the hole capture coefficient, and �DD-CB

th and �DD-VB
th are the

thermally activated detrapping coefficients, which read

�DD-CB
th = �DD-CB

Nc

2
e−EDD/kT �4�

�DD-VB
th = �DD-VB2Nve−�EG−EDD�/kT �5�

where Nc and Nv are the effective density of states in the
conduction and valence bands, and EDD is the energy dis-
tance between the DD band and the conduction band. The
capture coefficients are of the form �e,p=�e,p·ve,p, where �e,p

is the capture cross section of the defect and ve,p is the elec-
tron �or hole� thermal velocity.

Following the model proposed by Look et al.,22 we as-
sumed that the position of the Fermi level is imposed by the
compensation between NA

* , the total density of incorporated
acceptors, and the NDD+NDS donors, where NDS represents
all shallower donors and NDD represents the dominant deep-
donor density. This is expressed by the following charge-
balance equation:

n + �NA
* − pA� = p + �NDD − nDD� + �NDS − nDS� . �6�

The hole density remaining in the acceptor level and the
electron density in the donor levels other than the deep one
are denoted pA and nDS, respectively. We can write the net
acceptor density as NA=NA

* −NDS. The shallow donor levels
close to the conduction band are supposed entirely ionized,
i.e., nDS�NDS. Since the acceptor level, attributed to gal-
lium vacancies and residual doping in the MBE reactor, lies
just above the valence band, it follows that pA�NA

* , and pA

can be neglected in Eq. �6�. In the absence of carriers in the
bands, we get with these approximations NA=NDD−nDD,

FIG. 3. Transient reflectivity signal for sample B annealed 500 °C/600 s
�solid� and its respective simulation �dotted�. Inset: Infrared transient trans-
mission signal for the same sample �solid� and hole density deduced from
the same simulation �dotted�. The decay rate is the same for both curves.

FIG. 4. Recorded transient reflectivity data for samples A and B annealed
800 °C/60 s �solid lines� and the corresponding calculated curves �dotted
lines�.

FIG. 5. Schematic energy bands illustrating the model parameters.
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which means that the amount of empty deep-donor states is
determined by the net acceptor concentration.

It should be noted that although the approximations
nDS�NDS and pA�NA

* hold very well in the equilibrium
state when the Fermi level is positioned at midgap in the
deep-donor band, they become questionable under optical
excitation. Indeed, we have estimated that each pulse corre-
sponds to the creation of 7�1017 cm−3 electron-hole pairs.
A free hole density of 7�1017 cm−3 at room temperature
corresponds to a quasi-Fermi-level of holes situated about 60
meV above the valence-band edge. Such a free hole popula-
tion would imply in thermal equilibrium a significant hole
occupation of the acceptor levels with occupancy factors of
�0.9 for Ga vacancies and of �0.2 for shallow C acceptors.
In fact, in our transient experiments, we believe that our
approximation still holds even at relatively high optical ex-
citation and that we never achieve significant carrier popula-
tions in the shallow donor and acceptor levels. More pre-
cisely, we never achieve populations in the shallow levels
that are not negligible compared to the populations of free
electrons or free holes, since we initially generate nonequi-
librium free carriers that are subsequently mostly captured
by the dominant deep traps. This allows us to neglect pA and
nDS in Eq. �6�, also in the transient phase.

We also take into account in the model the effect of
deep-donor absorption in the electron carrier density. This is
done by replacing in Eqs. �1� and �3� the generation term
�I /h��� by I /h���+�DD�, where �DD=�DDnDD, �DD being
the trap absorption cross section. We assume an ultrafast
cooling of the electrons to the bottom of the conduction
band.

B. Refractive index and absorption coefficient
calculation

After calculating the values of the carrier concentrations,
we deduce the variation of the refractive index. For this, we
calculate the variation of the absorption coefficient due to
different effects: band-gap renormalization �BGR�, band-
filling �BF�, and DD absorption. Following the data pre-
sented in Ref. 16, we neglected the free-carrier absorption:
the variation of refraction index induced by the free-carrier
absorption change, also called the plasma effect, is negative
and proportional to the squared wavelength, but remains al-
ways negligible compared to BGR and BF effects for the
relatively low photoexcited carrier densities used in this
work. For the BGR, we take �EBGR=c�n1/3 /me+ p1/3 /mdh�,
where mdh= �mlh

3/2+mhh
3/2�2/3 and c is a proportionality constant

determined to fit the experimental results of Ref. 16. The
resulting induced change in absorption reads ��=��BF

+��BGR+��DD, with

��BF = �
i=hh,lh

Ci

E
�E − Eg + �EBGR�fv�Evi� − fc�Eci� − 1�

�7�

��BGR = �
i=hh,lh

Ci

E
��E − Eg + �EBGR − �E − Eg� �8�

��DD = �DD�nDD �9�

�nDD is the nonionized DD density change during the
pump pulse, h and l refer to heavy and light holes, Chh

=1.5�1012 cm−1 s−1/2 and Clh=7.8�1011 cm−1 s−1/2 �Ref.
16� �for GaAs�, fc and fv are the Fermi-Dirac distribution
functions, and Echh,clh and Evhh,vlh are the energies in the
conduction and in the valence band corresponding to a pho-
ton energy E= �Evhh,vlh�+ �Echh,clh�. Due to momentum conser-
vation, we have only a unique set of values for Evhh,vlh and
Echh,clh, which read

Evhh,vlh = �Eg − E�	 me

me + mhh,lh

 − Eg �10�

Echh,clh = �Eg − E�	 mhh,lh

me + mhh,lh

 �11�

Once the absorption change is calculated, we compute
the real refractive index variation �nR using the Kramers-
Kronig relation. The reflectivity R then reads

R =
�nR − 1�2 − kR

2

�nR + 1�2 − kR
2 �12�

where kR is the imaginary part of the complex refractive
index �related to the absorption coefficient�. The �R is cal-
culated comparing the situation before and after the pump
pulse. In all our simulations, we verified that the imaginary
part is negligible compared to the real one, and thus the
variation of the reflectivity �R is directly proportional to the
variation of the real part of the refractive index, �nR. We did
not attempt to model the initial fast thermalization and cool-
ing process.

C. Fitting methodology

The method adopted to fit the experimental results is the
following: according to Ref. 23 the deep-donor absorption
cross section is fixed at �DD=2�10−16 cm2 �which gives
�DD=5�103 cm−1 for NDD=2.5�1019 cm−3�, and we have
determined a unique best set of electron and hole cross-
sections ��n and �p� for all samples. The values we found
were �n=6�10−15 cm2 and �p=1�10−17 cm2, in close
agreement with those reported in previous studies.6,21 We
should note that doing this, we assumed that the defects were
the same for all samples �annealed or not�. Also, it is impor-
tant to underline that a slight degree of freedom arises from
the normalization of each measured datum since the initial
thermalization process, which defines the maximum value of
the �R /R0 signal, is not calculated here.

In summary, the NDD is given by the value measured by
HR-XRD �when it can be measured� and we end up with one
main single fitting parameter: NA. By changing this value, we
must be able to describe every observed behavior.

V. MODELING RESULTS

A. As-grown and 500 °C/60 s annealed samples

The calculated results of �R /R0 for the as-grown and
500 °C/60 s annealed samples are shown in Figs. 2�a� and
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2�b�: the recorded data before and after annealing are accu-
rately described by the model. In Fig. 6 we plotted the cal-
culated transient electron �n�, hole �p�, and ionized donor
�nDD� concentrations. We can see that for sample A annealed
500 °C/60 s �Fig. 6�a��, after the increase of n and p due to
band-to-band absorption �first 0.1 ps�, the electrons and holes
are captured in the trap states, which give a net increase of
nDD �0–2 ps�. This is due to the fact that the capture of
electrons is more efficient than the capture of holes
��CB-DD��VB-DD� and thus the electrons populate the empty
deep-donor states faster than the holes. When the electrons
are almost entirely captured �after �2 ps�, nDD begins to
decrease as the hole capture dominates the process.

For the as-grown sample B �Fig. 6�b��, the behavior of n
and p is similar to the previous one, but with holes decreas-
ing faster than electrons, and with a pronounced decrease of
nDD in the first �2 ps. This is due to the very large value of
NDD combined with a low value of NA: we have many more
recombining states for the holes than for the electrons, and
thus a faster decrease for holes than for electrons �even if
�CB-DD��VB-DD�. We can note the initial concavity of the
n�t� curve, followed by a convexity for longer times, which
reflects the emptying and filling of trap states.

As mentioned previously, a striking feature is that the
signal decay rate remains the same �sample A� or even in-
creases �sample B� after the 500 °C/60 s anneal. Our model
relates this to a stabilized �sample A� or a slightly increased
�sample B� value of NA �see Table I�. Such slight increases
�stabilizations� of the acceptor concentration after low-
temperature anneals have already been observed by
Bardeleben et al. �electron paramagnetic resonance
experiments�24 and Liu et al. �magnetic circular dichroism
experiments�.15 McIntosh et al.7 also reported unchanged �R
decay rates after 480 °C/520 °C anneals, which could be

related, according to our model, to an unchanged NA. We
should also note that all authors observed, like us, an in-
crease of the lifetime after higher-temperature anneals. All
these results are coherent with our analysis.

Concerning the role of trap absorption, we calculated the
different carrier populations for samples A and B taking into
account this effect �dotted curves in Figs. 6�a� and 6�b��. We
can see that the trap absorption represents only a secondary
correction, even if the effect is larger for the as-grown
sample than for the annealed one, due to its higher amount of
absorbing traps. Nevertheless, it must be stressed here that
we have chosen only one trap absorption cross section for all
samples in order to reduce the fitting parameters. But the
possibility exists that the trap absorption cross section ��DD

coefficient in our model�, which determines the impact of
DD absorption on the �R behavior, may not be the same for
the as-grown and the annealed samples. This can be the case
if we have, for example, different kinds of defects before and
after annealing. Our only conclusion on this point is that the
role of deep-donor absorption in the reflectivity transients is
nearly negligible. This naturally implies that no firm data can
be extracted from the set of experiments presented in this
paper about the values of the deep-donor absorption cross
section or even about the correctness of the use of a single
cross section.

B. 500 °C/600 s annealed samples and negative
transients

For the long annealed samples, we also obtained a good
fit of the recorded data, including the negative transient
�NT�, only by tuning the NA �see Fig. 3�. The discrepancy for
short times ��1 ps� is attributed to the fact that we do not
calculate the thermalization process. In our modeling, the
NTs appear to be related to large NA���6−7��1018 cm−3�
and NDD values, which ensure a high amount of ionized DD,
and therefore many more empty states for electrons than for
holes. This leads to an extremely fast decrease of n�t� com-
pared to p�t� �see calculations on Fig. 7�, which gives an
initial subpicosecond decay time of the reflectivity curve �as-
sociated with the decay of electrons�, and then a slow nega-

FIG. 6. Calculated carrier densities for the samples A annealed
500 °C/60 s �a� and B as-grown �b�. Solid lines: without trap absorption;
dotted: with trap absorption.

FIG. 7. Calculated hole, electron, and nonionized deep-donor populations
for sample A annealed 500 °C/600 s. Inset: contributions of the BGR �dot-
ted line�, BF �solid line�, and DD absorption �dashed line, �100� to the �n.
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tive signal, which is associated with the holes, as we will
confirm by modeling IR transmission experiments �see be-
low�.

This interpretation explains why NTs have mostly been
observed in the literature in samples with a high amount of
NDD.9,10 Usually, the NTs disappear when the samples are
annealed, i.e., when NDD and NA are reduced, as expected.

Figure 3 �inset� shows the �T /T0 IR data compared with
the calculated hole population decrease. Following our cal-
culations, since the electron population decreases in a subpi-
cosecond time scale, the �150 ps duration of the �T /T0 IR
signal should be related to the remaining hole population
�free-carrier absorption�. Indeed, we can see that the decay
rates of the �T /T0 IR signal and the calculated hole popula-
tion are the same. This result reconfirms the validity of our
analysis.

The relation between the hole population and the NTs is
also confirmed by calculating the different contributions to
�n �which is directly proportional to �R� if we had only a
population of electrons or only a population of holes �see
Fig. 8�. Indeed, we can see that the sign of the �n curve for
electrons becomes positive for 	�840 nm, while for the
holes this happens only for 	�780 nm. The origin of that
effect is related to the larger hole effective mass, which gives
a different shape of the �n versus 	 curve and thus negative
�n at wavelengths far above the band gap. For the wave-
length used in our experiments �around 810 nm�, the NTs are
therefore related to the holes, which confirms our previous
conclusions. We can also note that this wavelength depen-

dence can be employed to probe, for example, only the elec-
tron population �with a pump-probe wavelength of about 780
nm� and thus avoid the NTs.

Concerning the different contributions �BF, BGR, and
DD�, we can see in Fig. 8 that for all the wavelengths above
the band gap, �n roughly follows the dependence given by
the BF, which is therefore the dominant effect. The calcula-
tions also show that the DD absorption contribution is neg-
ligible compared to the BF and BGR ones �see the inset of
Fig. 7�.

A striking feature of our data is that the NTs are mainly
present in the 500 °C/600 s annealed samples. This is re-
lated to a strong increase of NA after such a long anneal. We
should note that strong increases of NA after long, low-
temperature anneals have already been observed by Fang and
Look,25,26 and attributed to the reaction AsGa→VGa+Asi.
This reaction generates gallium vacancies, known as accep-
tors, and can explain the behavior we observed. It should be
stressed here that it is likely that the conditions under which
the strong increase of NA could be observed depend critically
on the initial �as-grown� state �in terms of NDD and NA� of the
LT material.

Another interesting point is that our analysis implies that
p-doped LT-GaAs should have a strong tendency to exhibit
NTs �because NA will be fixed at a very large value�: in fact,
photoreflectance studies at 800 nm on such layers27 show the
same NTs as ours. Another source of NTs could also be an
important residual doping in the MBE reactor. This implies
particularly that two materials grown on two different reac-
tors at exactly the same temperature, growth rate, V/III ratio,
and with the same amount of incorporated excess As can
have different transient behaviors due to a different amount
of incorporated residual acceptors.

C. Above 700 °C annealed samples

For the samples annealed at 700 and 800 °C/60 s, the
DD concentration falls below the HRXRD detection limit,
which is around 1�1018 cm−3. On the other hand, the lower
limit of NDD is given by NA, since Hall measurements show
that these samples are always n-type. Once NDD is fixed be-
tween these two limits, the calculations show that the tran-
sient reflectivity signal of samples annealed at 700 and
800 °C/60 s is mainly driven by NA �which is quite low, see
Table I�. This is related to the sensitivity to the initial decay
rate, which is related to the trapping of electrons in the
empty DD states, which are fixed by NA. Concerning the low
values of NA and NDD, these are understandable since we
expect a drastic reduction of point defects with increasing
annealing temperatures.

However, although the presented model fits correctly the
recorded �R /R0 signals of the 800 and 700 °C/60 s an-
nealed samples, there is a slight discrepancy between the
calculated and recorded values for long times �see, for ex-
ample, Fig. 4, at �5 ps�. Indeed, the presented model may
not be valid for these very high annealing temperatures �TA


700 °C�, where other processes can also play a significant
role, such as recombination of carriers on
As-precipitates6,28,29 or a variation of the DD capture cross

FIG. 8. Calculated �n for electrons �we set n=7�1017 cm−3, p=0� and
holes �we set n=0, p=7�1017 cm−3�, as a function of the probe wavelength
�solid lines�, for the different contributions �BF, dotted and BGR, dashed�.
The �n calculation takes into account the effects of the BF, BGR, and DD
absorption. We remind that �R was found to be almost proportional to �n.
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section due to a change in the defect environment.30 Gregory
et al.29 have introduced recombination on As-precipitates in
a two-trap model and were able to satisfactorily explain the
dependence of the carrier lifetime on annealing temperature
for a sample with a very high As concentration. In this case,
the As-precipitate effect on recombination was found to be
predominant for high annealing temperatures.

The regime where NDD�NA and NDD�1018 cm−3 is
also interesting. In particular, it implies that �i� there are
many more available DD states for electrons than for holes,
and �ii� the amount of available electron states is on the order
of the electron-hole injected density �7�1017 cm−3�. These
two points imply a decrease of the electron contribution to
the signal and a saturation of the DD states. Then, we would
have a remaining small electron population in the CB, a hole
population in the VB, and the DD states filled with electrons.
Since the capture cross section of holes is smaller than that
of electrons ��CB-DD��VB-DD�, we would end up with a
situation in which the decrease of the residual electron popu-
lation is driven by the hole recombination on the DD states.

We confirm these conclusions by calculating �R /R0 for
different values of NDD=NA �see Fig. 9�. We can see that for
high NDD=NA values �i.e., higher than the electron-hole in-
jected density of �7�1017 cm−3�, we have a hole-driven
NT, which is understandable since the CB electron density is
rapidly approaching zero and we end up with a signal de-
pending on the hole contribution only. For low NDD=NA val-
ues, the NT is replaced by a positive transient, which is in-
deed associated with the CB electron population, which
decreases at a rate determined by the recombination of holes,
since the DD states are saturated by electrons. Such DD satu-
ration has already been suggested by other authors.3

D. Note on the accuracy of the extracted value of NA

The precision of the values obtained with our fits is re-
lated to the precision of the capture cross sections of elec-
trons and holes. For the samples without NTs, once these
values are fixed, the uncertainty of NA is quite low, less than
±10%. But for the fits involving NTs, since we do not cal-
culate the thermalization process, and since it is difficult to
normalize the measured and calculated data for comparison,

the precision on NA is deteriorated. This is demonstrated by
the study shown in Fig. 10 �inset� concerning the influence of
NA on the NT. We can see that when NA increases from 1019

to 7.5�1019 cm−3, the signal becomes strictly negative,
which complicates the normalization. We can also note here
that, when NA becomes small, the NT has a reduced recovery
time �see Fig. 10�, which is consistent with the fact that the
available trapping states for holes are increased �NDD−NA is
larger�.

Another source of uncertainty lies in the precise value of
the injected carrier density, since it has a significant influence
on the amplitude of the NT, and thus on the value of NA. We
recall here that the exact value of the probe wavelength also
needs to be taken into account, as the amplitude of the NTs
depends on the proximity of the wavelength to the band gap
�see Fig. 8�.

VI. CONCLUSION

We presented a comprehensive study of LT-GaAs mate-
rials annealed under different conditions, using pump-probe
reflectivity and mid-IR transmission measurements. We in-
terpreted all the obtained results using a Shockley-Read-Hall
nonradiative recombination model, which introduces the
deep-donor and the acceptor densities as the main fitting pa-
rameters.

From this study, we conclude the following. �i� In the
model presented, the initial decay time of the electrons is
mainly determined by the initial ionized trap density and,
therefore, by the net acceptor density. �ii� The effect of trap
absorption is more important for the weakly annealed
samples, but in all cases it introduces only a slight correction
of the carrier concentration dynamics. �iii� The negative tran-
sients observed in some samples are due to a slowly decreas-

FIG. 9. Calculated transient reflectivity curves for an injection pulse of 7
�1017 cm−3 electron-hole pairs and various values of NDD=NA �ranging
from 2�1017 to 1018 cm−3�.

FIG. 10. Calculated transient reflectivity curves for an injection pulse of 7
�1017 cm−3 and various values of NA �1, 2.5, 5, 6, 6.5, and 7.5
�1019 cm−3, with fixed NDD=7.5�1019 cm−3�. Inset: zoom of the 0.5–1.2
ps region.
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ing hole population, which is related to a high amount of
acceptors present in the matrix, which can be due either to
gallium vacancies or to residual doping during the growth.
�iv� For samples with high-temperature anneals �exceeding
700 °C�, positive transients can be observed. In these
samples, other recombination processes, such as recombina-
tion in As precipitates, would need to be taken into account
to describe more accurately the observed results. �v� The
existence and amplitude of the negative transients depend
considerably on the probe wavelength and the pump power.

Optimum performance samples in terms of fast carrier
capture and fast recovery are obtained in experimental con-
ditions allowing incorporation of initial As excess concentra-
tions of �2−6��1019 cm−3, combined with short anneals at
relatively low temperatures �60 s at 500 °C�. Ongoing work
is focused on the precise determination of NDD and NA di-
rectly from growth and annealing conditions to achieve pre-
cise control of the material properties and full prediction of
the dynamic properties.
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