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Free-carrier dynamics in low-temperature-grown GaAs at high excitation densities investigated
by time-domain terahertz spectroscopy
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We investigate the dynamics of the high-frequency conductivity of optically excited low-temperature-grown
GaAs ~LT-GaAs!—a material widely used for photoconductive switching in ultrafast optoelectronics—by
time-resolved terahertz~THz! transmission spectroscopy. This contactless technique is insensitive to the non-
linear interband response of the material which complicates the analysis of all-optical pump/probe measure-
ments. For material grown and annealed at or near temperatures, which are optimal for photoconductive
switching, we find a slowing down of the decay of the conductivity~respectively, the carrier density! with
rising excitation density. We associate the increase of the decay time with a saturation of the available trap
states whose density is estimated to be on the order of 231018 cm23.

DOI: 10.1103/PhysRevB.65.125205 PACS number~s!: 72.20.Jv, 72.20.Ee, 72.80.Ey
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LT-GaAs grown by molecular beam epitaxy at low tem
peratures~growth temperatureTg : 210–230 °C! under ar-
senic overpressure and subsequently annealed atTa

'600 °C has found many applications in ultrafast optoel
tronic switching and as electrical insulator in micr
electronics.1 The reason is the very high electrical resistiv
and the extremely short lifetime of the charge carriers in t
material. Both properties result from the unique composit
of the material. During the growth process, many point
fects like neutral and positively charged arsenic antis
(AsGa

0 ,AsGa
1 ) are incorporated. Their density depends stron

on bothTg andTa . While the combined density right afte
the growth is on the order of 1020cm23, it decreases during
the annealing process to values from 531017cm23 to 5
31018cm23.2–4 At the same time, the excess arsenic co
lesces and forms crystalline precipitates which have dia
eters of several nanometer and a density on the orde
1018cm23.5 The charged antisites as well as the arsenic p
cipitates are believed to play important roles with respec
the electrical and optoelectronic properties of the mate
but at present neither the exact mechanisms nor the rela
contribution of the two kinds of defects are understood.6,7

Charge carriers, either injected electrically or genera
optically, have a high mobility as long as they are in t
conduction respectively valence band. The mobility dec
rapidly, however, because of ultrafast relaxation of the ca
ers into trap states below the mobility edges. The trap st
may be either Urbach tail states resulting from the disor
in the material and energetically located right below the ba
edges of pure GaAs, or midgap states associated with
defects and arsenic clusters. It is a favorable feature of
GaAs that all trap states are sufficiently deep that ther
reactivation of carriers, once they are trapped, is insignific
for all practical purposes. As long as the carriers remain
the trap states, they may still participate in the screening
electrical fields. The electrical influence is terminated o
when electrons and holes recombine.
0163-1829/2002/65~12!/125205~6!/$20.00 65 1252
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The time scales of these processes were studied in the
by time-resolved optical experiments. Reflectivity measu
ments with both the pump and the probe photon energ
being well above the bandgap of GaAs yielded effect
trapping-time constantst1 as low as 200 fs.8 It is doubtful,
however, whether the data were interpreted correctly,
cause such measurements are likely to probe rather the
namics of electrons within the conduction band than the c
rier trapping process. More reliable are data obtained
experiments where the probe photon energy is chosen t
close to the bandgap of GaAs. Such measurements yie
values oft1 of 300–500 fs.9 Carriers may be trapped eithe
in Urbach tail states or in midgap states. Those trapped
Urbach tail states undergo further relaxation into dee
states on a time scale of.1 ps. This is known from two-
color all-optical pump/probe measurements with the pro
energy being located slightly below the bandgap of GaA10

The final relaxation by carrier recombination can be trac
by two-color experiments which probe trap states at pho
energies several hundred meV below the bandgap.9,11 Values
for the effective recombination timet2 of 10 ps are reported

It is a practical concern in ultrafast optoelectroni
whether saturation of trap states may lead to a degradatio
the performance of LT-GaAs-based photoconduct
switches at high excitation densities. Although some e
dence exists for a saturation-induced reduction of both
bandwidth and the efficiency of the generation respectiv
detection of THz signals,12 the knowledge about saturation i
LT-GaAs is surprisingly limited. In the past, only the grou
of Whitaker investigated saturation in a somewhat system
way.13,14A slowing down of carrier trapping with increasin
density was reported. In addition, measurements at a fi
high excitation density were performed by Benjaminet al.15

A study by Siegneret al. was restricted to as-grown~unan-
nealed! material.16 All of these experiments were all-optica
transmission measurements which have the common d
back that it is difficult to extract detailed information from
these measurements because nonlinear optical pheno
©2002 The American Physical Society05-1
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GREGOR SEGSCHNEIDERet al. PHYSICAL REVIEW B 65 125205
such as the Auger effect, bandgap renormalization, t
photon absorption processes, reexcitation of untrapped
trapped carriers, and ionization of normally neutral def
states complicate the analysis in the strong-excitation
gime.

The data analysis is less complex for probe energies in
midinfrared or farinfrared spectral range where only int
band transitions are relevant, which means that only f
carriers contribute to a change of the signal. For that rea
we study trap-state saturation with time-resolved terah
~THz! probing, a method well established for the determin
tion of frequency-dependent conductivities17 and applied al-
ready in the past for studies of carrier dynamics in LT-Ga
in the low-excitation limit.18

We investigate a series of LT-GaAs films grown by m
lecular beam epitaxy at temperatures ofTg5210, 235, 245,
and 275 °C, respectively. All samples are annealed atTa
5600 °C. Another sample, grown at 275 °C is annealed
700 °C. The sample thickness is 0.5mm for the sample
grown at 210 °C and 1.0mm for all others. Pieces of the
wafers are attached to sapphire platelets either by w
bonding ~the sample grown at 210 °C! or with UV-curing
epoxy ~all other samples!. The GaAs substrate is then re
moved by wet-chemical etching in order to avoid charge c
riers photogenerated in the substrate to contribute to the
nal in the time-resolved experiments.

During the measurements, the samples are mounted
copper plate with a pin-hole of 2.5 mm diameter acting
effective aperture. The measurements are performed with
samples held at room temperature.

The experimental setup is described in Ref. 19. Opt
pulses of 150 fs duration and photon energies of 1.57 eV
provided by a Clark 2001 laser system running at a repeti
rate of 1 kHz. The beam is split into three parts. The first o
~the pump beam! excites charge carriers in the LT-GaA
sample; the beam diameter on the sample is 3.5 mm, la
than the aperture, in order to guarantee a laterally homo
neous excitation. The beam is chopped at half the laser
etition rate thus providing the modulation necessary
lock-in detection. The second beam generates THz pr
pulses in a large-aperture GaAs antenna. The probe pu
transmitted through the LT-GaAs sample are then detecte
mixing them with the third pulse~detection pulse! in an elec-
trooptically active ZnTe crystal with a thickness of 1 mm20

The time delay between the probe pulse and the detec
pulse is fixed at a position where the amplitude of the pro
pulse is maximal, while the time delay between the pu
pulse and the probe pulse is varied. The temporal resolu
of our measurements is approximately 350 fs as can be
duced from the rise time of the signals displayed in Fig.

In Fig. 1, we demonstrate the capabilities of the techniq
with data for the sample annealed at 700 °C, well above
optimal temperature. In this case, the signal decay is s
because of the reduced trap density, and both the trap
and the recombination of the carriers occur with exponen
time dependences as will be shown later. The main pane
Fig. 1 displays the pump-induced change of the transmi
THz amplitude for four different excitation densities. Thr
of the curves are shifted along the time axis for reasons to
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explained later. At the lowest excitation density~initial
electron-hole pair density! of 1.531016cm23, the signal de-
cays exponentially. This is not the case, however, at eleva
densities where the relative transmission change beco
quite large and may even approach unity. At the highest
citation density of 931017cm23 in Fig. 1, the relative trans-
mission change amounts to 0.48 where signal saturatio
already quite significant.

This does not imply, however, a nonexponential carr
dynamics but only demonstrates the extremely high sens
ity of the THz signal to highly mobile free carriers. If th
signals of Fig. 1 are shifted horizontally, they can be po
tioned such that they overlap perfectly with each other~this
is the way how the data are actually displayed in Fig.!.
Obviously, the signal depends only on the density of
untrapped carriers at any given moment which is only p
sible, if the relaxation dynamics is not affected by trap fi
ing. The exponential decay characteristics of the free-car
population is extracted in the following way. In the inset
Fig. 1, we plot the excitation densities of five measureme
~four of them displayed in the main panel! versus the tem-
poral shifts needed to overlap the curves. We then fit
exponential curve to the data points which indeed are fo
to lie perfectly on top of the fit curve. The decay time co
stant, i.e., the carrier trapping time, ist159.5 ps. This value
is in good agreement with the trapping time of 9 ps obtain
by us by an all-optical pump/probe measurement with
pump and probe photon energies being identical and cho
to be near the bandgap of GaAs.

Sample heating by the optical excitation apparently d
not affect our measurements in a significant way. Therm
effects reveal themselves by the formation of a barely d
cernible long-lived pedestal in the trailing part of the sign
resulting from the refractive index change of the sample.

We now turn to the four samples annealed at 600 °C
investigate the carrier dynamics from low excitation den

FIG. 1. Main panel: Time dependence of the THz different
transmission signal for the sample annealed at 700 °C for excita
densities of 1.531016 cm23, 1.131017 cm23, 3.331017 cm23, and
931017 cm23, respectively.ETHz

0 is the transmitted THz amplitude
without optical pumping. The lower-density curves are shifted
time to overlap with the curve for the highest density. Inset: Car
density versus time shift and exponential fit to the data with a ti
constant of 9.5 ps.
5-2
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FREE-CARRIER DYNAMICS IN LOW-TEMPERATURE- . . . PHYSICAL REVIEW B 65 125205
ties up to very high densities. Figure 2 compares the T
transmission change for an excitation density of
31017cm23, i.e., in the low-excitation regime where tra
filling is still negligible. The curves reproduce the we
known fact thatt1 depends on the growth temperature and
minimal at values ofTg of about 210 °C.8

To extract values fort1 from the transients, we model th
transmission of a THz pulse through the sample with
transfer-matrix method using time-dependent Fresnel co
cients for transmission and reflection. The complex index
refraction of the LT-GaAs layer is calculated from the Dru
dielectric function e(v,t)5estat2vp

2(t)/@v(v1 iG)#.
Here vp(t) denotes the plasma frequencyvp(t)
5AN(t)e2/m* e0, with N(t) being the time-dependent den
sity of free~untrapped! charge carriers with reduced effectiv
massm* . G is the collision rate of the carriers which
assumed to be time independent. The value of the static
electric constantestat is set toestat513.1. The dielectric func-
tion and the conductivitys(v,t) are connected by the rela
tion e(v,t)5estat1 is(v,t)/(ve0). We neglect plasmon
phonon coupling21 after having verified that it modifies th
overall transmission change of the electromagnetic field
our frequency range by less than 2%. This is well below
uncertainty of the determination of the field amplitude in t
experiment.

In the low-excitation limit, where the density of trap stat
exceeds the density of photogenerated charge carriers
carrier population decays exponentially:vp

2}N0 exp(2t/t1).
With this knowledge, and by calculating the excitation de
sity from the pump-pulse intensity assuming linea
absorption conditions, one can fit the experimental data w
the model by adjusting only two parameters,G and t1 . To
avoid complications by the time resolution and by hot-carr
effects, the fits cover only the data obtained at delay time
more than 0.6 ps.

The scattering time defined asG21 varies little for the

FIG. 2. Low-excitation THz differential transmission curves f
all samples annealed at 600 °C. The relative changes of the T
pulse amplitude at time delay zero are 0.35 (Tg5210 °C), 0.31
~235 °C!, 0.34 ~245 °C!, and 0.45~275 °C!. Fit curves to the data
are also displayed~dark lines!. The inset shows the dependence
the trapping timet1 on the growth temperature. Data obtained
the fitting procedure are compared with data extracted from
optical pump/probe experiments.
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samples grown at 210, 235, and 245 °C and is found to
15–20 fs. Scattering hence is faster in these LT-Ga
samples than in pure GaAs.22 For the sample grown a
275 °C, the fit procedure yields a scattering time of 50
closer to the situation of pure GaAs. One is led to conclu
that scattering at arsenic precipitates and point defects do
natesG in the case of material grown and annealed close
optimal conditions. A reduction of the defect density by ra
ing Tg reduces the scattering rate.

From the latter, one can estimate the mobilitym of the
optically excited free carriers in LT-GaAs with the relatio
m5e/(Gm* ). Assuming the reduced effective massm* to
be the same as in single-crystalline GaAs, the mobility
growth temperatures at or belowTg5245 °C is calculated
to be in the range of 450–550 cm2/~Vs!. These values lie in
the middle of the wide range of mobilities@164–3000
cm2/~Vs!# reported for LT-GaAs grown under comparab
conditions.2,18,23–25For the highest of our growth tempera
ture, Tg5275 °C, the mobility is enlarged to a value o
1400 cm2/~Vs!.

The inset of Fig. 2 displays the values obtained fort1 as
a function ofTg . In addition, it shows values oft1 which we
determined by single-line pump/probe measurements w
photon energies of 30 meV above the GaAs bandgap.
values are in very good agreement with each other. The
pendence onTg matches that reported in Ref. 8. It is not
worthy that the signal decay time measured in our TH
probing experiments does not correspond at all to the lon
time constant measured in Ref. 10 which was associated
the relaxation of charge carriers from Urbach tail states i
deeper trap states. This implies that electrons once they
in the Urbach tail states are reduced in mobility to such
high degree that they do not contribute to a THz transmiss
change anymore. In the terminology of the potenti
fluctuation picture~Anderson localization model! one can
say that the mobility edges of the investigated samples m
be located very close to the energy band edges of pure G

We now investigate the high-excitation-density regim
Figure 3 shows a set of transient THz signals for the sam
grown at 210 °C and pumped at fluences from 0.01 mJ cm22

up to 3 mJ cm22. Assuming linear-absorption conditions, th
excitation density is estimated to be 1.531020cm23 at the

z-

l-

FIG. 3. THz differential transmission signal of the samp
grown at 210 °C.
5-3
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GREGOR SEGSCHNEIDERet al. PHYSICAL REVIEW B 65 125205
highest fluence and 531017cm23 at the lowest one. Excep
for the latter, the excitation density is always larger than
densities of both the available AsGa

1 antisites and the arseni
clusters. For the four high-excitation curves, the relat
transmission change at time delay zero~positioned arbitrarily
at the maximal signal! is close to unity. The decay dynamic
varies with the excitation density and it is not possible a
more to overlap the curves by shifting them temporally as
Fig. 1. This is clear evidence for the occurrence of trap sa
ration. The decay of the signal is not determined by the c
rier trapping process anymore but rather by trap empty
whose dynamics we assume to be closely associated
that of carrier recombination.

The upper panel of Fig. 4 displays a corresponding se
transient THz signals for the sample grown at the sligh
higher temperature of 235 °C. The pump fluences~nominal
excitation densities! range from 0.01 mJ cm22 (4.5
31017cm23) up to 3 mJ cm22 (1.431020cm23). The data of
Fig. 4 are very similar to those of Fig. 3, all the main featu
are reproduced and even the time scales do not differ sig
cantly. Again, trap saturation makes it impossible to over
the curves with each other by temporal shifting.

The lower panel of Fig. 4 depicts the time dependence
the carrier density obtained from the data of the upper pa
by their evaluation with the Drude dielectric function und
the assumption of a fixed scattering time constantG21 of 15
fs. The data begin at a delay time of 0.7 ps because
carrier effects and the limited time resolution prevent the
procedure to reproduce the experimental data at earlier tim
At the lowest excitation density, the carrier density deca
exponentially with a time constant of 0.55 ps. This val
corresponds to the carrier trapping time constantt1 of 0.5 ps

FIG. 4. Upper panel: THz differential transmission signal of t
sample grown at 235 °C. Lower panel: Time dependence of
free-carrier density of the same sample as extracted from the D
model.
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derived from the data of Fig. 2 for this sample.
The decay becomes slower and non-exponential when

excitation density is raised. The temporal evolution of t
carrier density is then characterized by a kink in the cur
separating a slower initial relaxation from a faster decay
later times. For the highest excitation density and the sec
lowest density the kinks are highlighted by straight lines a
proximating the curves above and below the kinks. The
crease of the decay rate may result from the end of sat
tion, when the relaxation is again dominated by carr
trapping instead of trap emptying. It is interesting to note t
the kink occurs at carrier densities on the order of
31018cm23, a value which corresponds to the density
AsGa

1 defects expected for our material. This agreement m
be evidence for a significant role of AsGa

1 antisites in the
carrier recombination process.

The decay dynamics remains difficult to understand
spite of the separability of the decay into a sequence of
quasiexponential segments. First, it remains unclear why
decay at later delay times~after the kink! remains slower
than the carrier trapping time in the weak-excitation lim
represented by the data for a pump fluence of 0.01 mJ cm22.
It appears that a sizeable density of trap states remains o
pied and hence unavailable for trapping of other free carri
Carrier trapping would then be slowed down. Secondly,
overall decay of the carrier density is distinctly faster th
expected from Refs. 9, 11 which report trap emptying tim
t2 in the range of 10 ps for LT-GaAs grown and annealed
similar temperatures as our material. However, these exp
ments explored only the regime of low excitation densiti
Apparently, trap emptying is faster at the high excitation de
sities of our experiments. One can only speculate about
underlying mechanism. Processes which depend on the
mentary carrier density, e.g., a density-dependent recomb
tion time, appear feasible. Another possibility is a
excitation-dependent increase of the density of recomb
tion centers. One could imagine that defects such as the AGa

0

defect which normally are electrically neutral and inacti
are ionized and activated as recombination centers eithe
the pump pulse directly or by subsequent scattering p
cesses.

We finally investigate the sample grown at 275 °C. T
upper panel of Fig. 5 presents the relative THz transmiss
change and the lower panel the calculated carrier density
function of delay time. Qualitatively, the features of the da
are very similar to those of the samples grown at lower v
ues ofTg , except that the time scale is expanded by a fac
of approximately 2. The relaxation of the carrier populati
is slowed down because of the reduced densities of def
and arsenic clusters, an observation which supplemen
similar one for the low-excitation regime as discussed
conjunction with Fig. 2. The dynamics close to delay tim
zero differs from that of the other two samples discuss
before. At the highest excitation densities, the signal at ti
delay zero does not increase with rising pump power a
more. The reason is unknown at present. The small bum
a delay time of 12.5 ps results from a reexcitation of t
sample by a weak reflected optical beam.

The dynamics of the carrier density is obtained from t

e
de
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FREE-CARRIER DYNAMICS IN LOW-TEMPERATURE- . . . PHYSICAL REVIEW B 65 125205
data by fitting under the assumption of a time-independ
scattering time constantG21 of 50 fs. Figure 6 depicts the
initial carrier density obtained in this way as a function of t
nominal value calculated under the approximation of lin
absorption. Above 231019cm23, the nominal and the actua
densities differ from each other corroborating the expecta
that the relative pump absorption decreases with pump
ence in the high-excitation regime.

We turn again to the temporal evolution of the carr
density in the lower panel of Fig. 5. For the lowest pum
fluence, the carrier density exhibits a single-exponential
cay behavior with a time constants of 1.1 ps which agr
well with the trapping time constant for this sample in Fig.
For higher fluences, a kink develops as in the data for

FIG. 5. Upper panel: THz differential transmission signal of t
sample grown at 275 °C. Lower panel: Time dependence of
free-carrier density of the same sample as extracted from the D
model. Here, the carrier densities are normalized for easier c
parison of the decay dynamics.

FIG. 6. Comparison of the free-carrier density extrapolated
zero time delay with the nominal carrier density for the samp
grown at 245 and at 275 °C. The straight line shows the cas
linear absorption.
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two samples grown at lowerTg but in an even more pro
nounced way. In addition, we find at very high pump fl
ences and during the first 6 ps that the decay is rather fa
first before it slows down~and becomes faster again at th
kink discussed before!. We interpret the very rapid early de
cay and the subsequent slowing down as an artifact of
assumption of a constant scattering rateG. Although a
density-dependent and hence time-dependentG is more real-
istic we did not take this into account in our fit procedur
because the exact dependence ofG on the density is un-
known. Assuming a rise ofG with time can lead to such a
change of the calculated carrier density that the rapid de
at small delay times becomes less pronounced or even
ishes. In fact, an increase of the value ofG with time is
physically plausible. At the extremely high excitation den
ties of our experiments, screening of Coulomb interactio
should be quite efficient, the material should beha
metal-like.26 With decreasing carrier density, screening b
comes less efficient. Hence scattering of the charge car
with defects and clusters~the dominant scattering process
our samples as shown above! should become more signifi
cant and with it the value ofG should increase as argue
above.

One may wonder whether a similar feature~a rapid initial
decay followed by a slower one! is present in the data of Fig
4. If it appears at the same carrier densities as in Fig
however, then it should occur at very early delay times,0.7
ps which is not displayed in the lower panel of Fig. 4 b
cause an analysis of the raw data with our simple mode
made impossible in this time window by hot-carrier effec
and the limited time resolution.

We now turn again to the relaxation of the charge carri
at the highest excitation densities and explore once more
late delay times beyond the kink. Here, the decrease of
carrier density is faster than right before the kink, but slow
than the decay observed at low-excitation densities. We
gued above~Fig. 4! that this observation may be explaine
by a continued blockage of some trap states which rem
unavailable for trapping of other free carriers for a prolong
period of time. Figure 7 provides evidence that this blocka
does not extend for times longer than a few ten ps. Figur

e
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-

o
s
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FIG. 7. THz differential transmission signal of the samp
grown at 275 °C with fluence of 2 mJ cm22 over a time window of
30 ps showing a weak reexcitation.
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shows differential THz transmission data of the sam
grown at 275 °C for a pump fluence of 2 mJ cm22. The data
are shown over a longer time window than before. In ad
tion to the signal discussed so far, one observes a second
beginning at a delay time of 23 ps which results from
delayed excitation of the LT-GaAs film by a part of the pum
pulse which is reflected twice within the sapphire substra
The intensity of the second pump pulse amounts to just
of the main pulse and hence provides only a weak reexc
tion of the sample. The rather high amplitude of the T
transmission signal is again indicative for the high sensitiv
of THz probing of free carriers. The important feature is no
the decay of the second signal. It occurs monoexponent
with a time constant of 1.2 ps which corresponds closely
the value of 1.2 ps measured for weak excitation of
sample without a prepulse. The trap states apparently h
recovered completely within the time scale of 20–25 ps.

We point out that attempts to model the carrier relaxat
process with the rate-equation ansatz of Ref. 13 fail at h
excitation densities. As discussed above, it is insufficien
.
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describe the relaxation simply by two time constants and
neglect the dependence of major parameters such asG, the
trapping timet1 , trap emptying timet2 , or the trap-state
density on the carrier density. The simple model in Ref.
leads to the surprising result of a decrease of the trap em
ing time t2 with rising growth temperature and hence d
creasing density of traps. This is counterintuitive beca
one would expect rather larger values oft2 at reduced trap-
site densities. In fact, our data are consistent with this exp
tation.

In summary, we have investigated the dynamics of op
cally excited free carriers in LT-GaAs by measuring the TH
frequency conductivity of thin films via THz transmissio
experiments. With rising excitation density, a significa
slowing down of the decay of the conductivity, respective
the carrier density, is observed. For all excitation densities
our experiments, however, the conductivity of mater
grown and annealed at or close to optimal valu
decays within 10 ps without leaving a long-lived residu
conductivity.
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