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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 terahert@Hz) 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 conductivigspectively, the carrier densjtyith
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 ordenxdf®@®cm 3.
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LT-GaAs grown by molecular beam epitaxy at low tem-  The time scales of these processes were studied in the past
peratures(growth temperaturély: 210-230°CQ under ar- by time-resolved optical experiments. Reflectivity measure-
senic overpressure and subsequently annealedTat ments with both the pump and the probe photon energies
~600 °C has found many applications in ultrafast optoelecbeing well above the bandgap of GaAs yielded effective
tronic switching and as electrical insulator in micro- trapping-time constants; as low as 200 f&.It is doubtful,
electronics: The reason is the very high electrical resistivity however, whether the data were interpreted correctly, be-
and the extremely short lifetime of the charge carriers in thi@use such measurements are likely to probe rather the dy-

material. Both properties result from the unique compositio'@mics of electrons within the conduction band than the car-
of the material. During the growth process, many point deJier trapping process. More reliable are data obtained by

i P : - i ts where the probe photon energy is chosen to be
fects like neutral and positively charged arsenic antisite$XPENMen .
(Asga,Asga) are incorporated. Their density depends Stronglyclose to the bandgap of GaAs. Such measurements yielded

. . s values ofr; of 300—500 fs. Carriers may be trapped either
on bothTy andT,. While the comb_lgle_d density right after ;" hach tail states or in midgap states. Those trapped in
the growth is on the order of #cm™3, it decreases during

. o Urbach tail states undergo further relaxation into deeper
the annealing process to values fromx $0'" cm 10 5  states on a time scale of1 ps. This is known from two-
X 10" cm 27" At the same time, the excess arsenic coacolor all-optical pump/probe measurements with the probe
lesces and forms crystalline precipitates which have diamenergy being located slightly below the bandgap of GHAs.
eters of several nanometer and a density on the order dfhe final relaxation by carrier recombination can be traced
10'8cm 2.5 The charged antisites as well as the arsenic preby two-color experiments which probe trap states at photon
cipitates are believed to play important roles with respect tenergies several hundred meV below the banddapalues
the electrical and optoelectronic properties of the materiafor the effective recombination time, of 10 ps are reported.
but at present neither the exact mechanisms nor the relative It is a practical concern in ultrafast optoelectronics
contribution of the two kinds of defects are understddd.  whether saturation of trap states may lead to a degradation of
Charge carriers, either injected electrically or generatedhe performance of LT-GaAs-based photoconductive
optically, have a high mobility as long as they are in theswitches at high excitation densities. Although some evi-
conduction respectively valence band. The mobility decayslence exists for a saturation-induced reduction of both the
rapidly, however, because of ultrafast relaxation of the carribandwidth and the efficiency of the generation respectively
ers into trap states below the mobility edges. The trap stategetection of THz signal¥’ the knowledge about saturation in
may be either Urbach tail states resulting from the disordet.T-GaAs is surprisingly limited. In the past, only the group
in the material and energetically located right below the banaf Whitaker investigated saturation in a somewhat systematic
edges of pure GaAs, or midgap states associated with theay*>**A slowing down of carrier trapping with increasing
defects and arsenic clusters. It is a favorable feature of LTdensity was reported. In addition, measurements at a fixed
GaAs that all trap states are sufficiently deep that thermahigh excitation density were performed by Benjareiral®
reactivation of carriers, once they are trapped, is insignifican® study by Siegneet al. was restricted to as-growunan-
for all practical purposes. As long as the carriers remain imealed material’® All of these experiments were all-optical
the trap states, they may still participate in the screening ofransmission measurements which have the common draw-
electrical fields. The electrical influence is terminated onlyback that it is difficult to extract detailed information from
when electrons and holes recombine. these measurements because nonlinear optical phenomena
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such as the Auger effect, bandgap renormalization, two- 0.5
photon absorption processes, reexcitation of untrapped and L o T T
trapped carriers, and ionization of normally neutral defect 0.4 '?.fé’
states complicate the analysis in the strong-excitation re- ! ié 05 i
gime. 2 034 : je

The data analysis is less complex for probe energies in the QE I o N
midinfrared or farinfrared spectral range where only intra- g 024 ' ' R e A
band transitions are relevant, which means that only free ﬁ ' Time Delay (ps)
carriers contribute to a change of the signal. For that reason, " 4. !
we study trap-state saturation with time-resolved terahertz t
(THz) probing, a method well established for the determina- 0.0 :_ H e mewe e 2

tion of frequency-dependent conductivitiéand applied al- . T ~ T T .
ready in the past for studies of carrier dynamics in LT-GaAs .
in the low-excitation limit'® Time Delay (ps)

We investigate a series of LT-GaAs films grown by mo-

lecular beam epitaxy at temperaturesTgf=210, 235, 245, Lo o o

. . transmission signal for the sample annealed at 700 °C for excitation
and 275°C, respectively. All samples are annealed at densities of 1.5 10%cm 2 1.1¢ 108 cm-3 3.3x 107 cem-2 and
:6000 C. Another SamF"e' grown at 275°C is annealed ag 10'"cm3, respectivelyE?,,, is the transmitted THz amplitude
700°C. The soample thickness is O4m for t_he sample without optical pumping. The lower-density curves are shifted in
grown at 210°C and 1.Qum for all others. Pieces of the (ime 1o overlap with the curve for the highest density. Inset: Carrier

wafers are attached to sapphire platelets either by wafefensity versus time shift and exponential fit to the data with a time
bonding (the sample grown at 210 jQr with UV-curing  constant of 9.5 ps.

epoxy (all other samples The GaAs substrate is then re-
moved by wet-chemical etching in order to avoid charge carexplained later. At the lowest excitation densinitial
riers photogenerated in the substrate to contribute to the siglectron-hole pair densityof 1.5x 10%cm™3, the signal de-
nal in the time-resolved experiments. cays exponentially. This is not the case, however, at elevated
During the measurements, the samples are mounted ondensities where the relative transmission change becomes
copper plate with a pin-hole of 2.5 mm diameter acting aguite large and may even approach unity. At the highest ex-
effective aperture. The measurements are performed with thetation density of % 10t cm ™2 in Fig. 1, the relative trans-
samples held at room temperature. mission change amounts to 0.48 where signal saturation is
The experimental setup is described in Ref. 19. Opticahlready quite significant.
pulses of 150 fs duration and photon energies of 1.57 eV are This does not imply, however, a nonexponential carrier
provided by a Clark 2001 laser system running at a repetitiomlynamics but only demonstrates the extremely high sensitiv-
rate of 1 kHz. The beam is split into three parts. The first onaty of the THz signal to highly mobile free carriers. If the
(the pump beamexcites charge carriers in the LT-GaAs signals of Fig. 1 are shifted horizontally, they can be posi-
sample; the beam diameter on the sample is 3.5 mm, largéioned such that they overlap perfectly with each otttleis
than the aperture, in order to guarantee a laterally homogés the way how the data are actually displayed in Fig. 1
neous excitation. The beam is chopped at half the laser re@bviously, the signal depends only on the density of the
etition rate thus providing the modulation necessary foruntrapped carriers at any given moment which is only pos-
lock-in detection. The second beam generates THz probsible, if the relaxation dynamics is not affected by trap fill-
pulses in a large-aperture GaAs antenna. The probe pulsésy. The exponential decay characteristics of the free-carrier
transmitted through the LT-GaAs sample are then detected byopulation is extracted in the following way. In the inset of
mixing them with the third pulsé&etection pulsgin an elec-  Fig. 1, we plot the excitation densities of five measurements
trooptically active ZnTe crystal with a thickness of 1 M. (four of them displayed in the main pahelersus the tem-
The time delay between the probe pulse and the detectioporal shifts needed to overlap the curves. We then fit an
pulse is fixed at a position where the amplitude of the probexponential curve to the data points which indeed are found
pulse is maximal, while the time delay between the pumpo lie perfectly on top of the fit curve. The decay time con-
pulse and the probe pulse is varied. The temporal resolutiogtant, i.e., the carrier trapping time,4g= 9.5 ps. This value
of our measurements is approximately 350 fs as can be dés in good agreement with the trapping time of 9 ps obtained
duced from the rise time of the signals displayed in Fig. 2. by us by an all-optical pump/probe measurement with the
In Fig. 1, we demonstrate the capabilities of the techniqugpump and probe photon energies being identical and chosen
with data for the sample annealed at 700 °C, well above théo be near the bandgap of GaAs.
optimal temperature. In this case, the signal decay is slow Sample heating by the optical excitation apparently does
because of the reduced trap density, and both the trappingpt affect our measurements in a significant way. Thermal
and the recombination of the carriers occur with exponentiagffects reveal themselves by the formation of a barely dis-
time dependences as will be shown later. The main panel afernible long-lived pedestal in the trailing part of the signal
Fig. 1 displays the pump-induced change of the transmittedesulting from the refractive index change of the sample.
THz amplitude for four different excitation densities. Three  We now turn to the four samples annealed at 600 °C and
of the curves are shifted along the time axis for reasons to bivestigate the carrier dynamics from low excitation densi-

FIG. 1. Main panel: Time dependence of the THz differential
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FIG. 2. Low-excitation THz differential transmission curves for ~ FIG. 3. THz differential transmission signal of the sample
all samples annealed at 600 °C. The relative changes of the THgrown at 210 °C.
pulse amplitude at time delay zero are 0.3g,€210°C), 0.31
(235°0, 0.34(245°0, and 0.45(275°Q. Fit curves to the data 55165 grown at 210, 235, and 245 °C and is found to be
are also displaye@ark lineg. The inset shows the dependence of 15-20 fs. Scatterin ,h P faster in th LT-GaA
SO ; . g hence is faster in these S
the trapping timer; on the growth temperature. Data obtained by les th . Gakd For th I ¢
the fitting procedure are compared with data extracted from aII-SamE es than n pure \S. O the sample grown a
optical pump/probe experiments. 275°C, the flt_progedure yields a scatterl_ng time of 50 fs
closer to the situation of pure GaAs. One is led to conclude
) _ N ) that scattering at arsenic precipitates and point defects domi
ties up to very high densities. Figure 2 compares the THZatesT in the case of material grown and annealed close to
transmission change for an excitation density of 5gptimal conditions. A reduction of the defect density by rais-
x10cm™3, i.e., in the low-excitation regime where trap ing T, reduces the scattering rate.
filling is still negligible. The curves reproduce the well- Frgm the latter, one can estimate the mobilityof the
known fact thatr; depends on the growth temperature and ispptically excited free carriers in LT-GaAs with the relation
minimal at values off; of about 210 °C. w=e/(I'm*). Assuming the reduced effective masg to
To extract values for; from the transients, we model the pe the same as in single-crystalline GaAs, the mobility for
transmission of a THz pulse through the sample with th%rowth temperatures at or beloWy=245 °C is calculated
transfer-matrix method using time-dependent Fresnel coeffig pe in the range of 450—550 éftVs). These values lie in
cients for transmission and reflection. The complex index othe middle of the wide range of mobilitiek164—3000
refraction of the LT-GaAs layer is calculated from the Drudecmz/(VS)] reported for LT-GaAs grown under comparable
dielectric  function  €(w,t)= egur w(t)/[w(w+iT)].  conditions®1823-25For the highest of our growth tempera-
Here wy(t) denotes the plasma frequencysy(t)  ture, T,=275 °C, the mobility is enlarged to a value of
= \/N(t)e)zlm* €0, With N(t) being the time-dependent den- 1400 cnf/(Vs).
sity of free(untrappegicharge carriers with reduced effective  The inset of Fig. 2 displays the values obtained fpras
massm*. I" is the collision rate of the carriers which is a function ofT4. In addition, it shows values af; which we
assumed to be time independent. The value of the static dijetermined by single-line pump/probe measurements with
electric constank,is set toeg,—= 13.1. The dielectric func- photon energies of 30 meV above the GaAs bandgap. The
tion and the conductivityr(w,t) are connected by the rela- values are in very good agreement with each other. The de-
tion e(w,t) = egprtio(w,t)/(wep). We neglect plasmon- pendence oy matches that reported in Ref. 8. It is note-
phonon coupliné1 after having verified that it modifies the worthy that the signal decay time measured in our THz-
overall transmission change of the electromagnetic field irprobing experiments does not correspond at all to the longer
our frequency range by less than 2%. This is well below th&ime constant measured in Ref. 10 which was associated with
uncertainty of the determination of the field amplitude in thethe relaxation of charge carriers from Urbach tail states into
experiment. deeper trap states. This implies that electrons once they are
In the low-excitation limit, where the density of trap statesin the Urbach tail states are reduced in mobility to such a
exceeds the density of photogenerated charge carriers, tigh degree that they do not contribute to a THz transmission
carrier population decays exponentialtygocNo exp(—t/m). change anymore. In the terminology of the potential-
With this knowledge, and by calculating the excitation den-fluctuation picture(Anderson localization modelone can
sity from the pump-pulse intensity assuming linear-say that the mobility edges of the investigated samples must
absorption conditions, one can fit the experimental data witlbe located very close to the energy band edges of pure GaAs.
the model by adjusting only two parametefsand ;. To We now investigate the high-excitation-density regime.
avoid complications by the time resolution and by hot-carrierFigure 3 shows a set of transient THz signals for the sample
effects, the fits cover only the data obtained at delay times ofirown at 210 °C and pumped at fluences from 0.01 mJcm
more than 0.6 ps. up to 3 mJ cm?. Assuming linear-absorption conditions, the
The scattering time defined d5 ! varies little for the excitation density is estimated to be X.50?°cm 2 at the
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derived from the data of Fig. 2 for this sample.

The decay becomes slower and non-exponential when the
excitation density is raised. The temporal evolution of the
carrier density is then characterized by a kink in the curves
separating a slower initial relaxation from a faster decay at
later times. For the highest excitation density and the second
lowest density the kinks are highlighted by straight lines ap-
proximating the curves above and below the kinks. The in-
crease of the decay rate may result from the end of satura-
tion, when the relaxation is again dominated by carrier
trapping instead of trap emptying. It is interesting to note that
the kink occurs at carrier densities on the order of 2
x 10 cm™3, a value which corresponds to the density of
As¢, defects expected for our material. This agreement may
be evidence for a significant role of Asantisites in the
carrier recombination process.

The decay dynamics remains difficult to understand in
spite of the separability of the decay into a sequence of two
- guasiexponential segments. First, it remains unclear why the
3 6 9 decay at later delay time&fter the kink remains slower
Time Delay (ps) than the carrier trapping time in the weak-excitation limit

represented by the data for a pump fluence of 0.01 m¥cm

FIG. 4. Upper panel: THz differential transmission signal of the It appears that a sizeable density of trap states remains occu-
sample grown at 235°C. Lower panel: Time dependence of theied and hence unavailable for trapping of other free carriers.
free-carrier density of the same sample as extracted from the Drudgarrier trapping would then be slowed down. Secondly, the
model. overall decay of the carrier density is distinctly faster than

expected from Refs. 9, 11 which report trap emptying times
highest fluence and 610 cm ™ at the lowest one. Except 7, in the range of 10 ps for LT-GaAs grown and annealed at
for the latter, the excitation density is always larger than thesimilar temperatures as our material. However, these experi-
densities of both the available Asantisites and the arsenic ments explored only the regime of low excitation densities.
clusters. For the four high-excitation curves, the relativeApparently, trap emptying is faster at the high excitation den-
transmission change at time delay zépositioned arbitrarily ~ sities of our experiments. One can only speculate about the
at the maximal signalis close to unity. The decay dynamics underlying mechanism. Processes which depend on the mo-
varies with the excitation density and it is not possible any-mentary carrier density, e.g., a density-dependent recombina-
more to overlap the curves by shifting them temporally as irtion time, appear feasible. Another possibility is an
Fig. 1. This is clear evidence for the occurrence of trap satuexcitation-dependent increase of the density of recombina-
ration. The decay of the signal is not determined by the cartion centers. One could imagine that defects such as t&g As
rier trapping process anymore but rather by trap emptyinglefect which normally are electrically neutral and inactive
whose dynamics we assume to be closely associated witlire ionized and activated as recombination centers either by
that of carrier recombination. the pump pulse directly or by subsequent scattering pro-

The upper panel of Fig. 4 displays a corresponding set ofesses.
transient THz signals for the sample grown at the slightly We finally investigate the sample grown at 275°C. The
higher temperature of 235°C. The pump fluenéesminal  upper panel of Fig. 5 presents the relative THz transmission
excitation densities range from 0.01 mdcnf (4.5 change and the lower panel the calculated carrier density as a
X 10" em3) up to 3 mJ cm? (1.4x 10?°cm3). The data of  function of delay time. Qualitatively, the features of the data
Fig. 4 are very similar to those of Fig. 3, all the main featureare very similar to those of the samples grown at lower val-
are reproduced and even the time scales do not differ signifues ofT, except that the time scale is expanded by a factor
cantly. Again, trap saturation makes it impossible to overlayof approximately 2. The relaxation of the carrier population
the curves with each other by temporal shifting. is slowed down because of the reduced densities of defects

The lower panel of Fig. 4 depicts the time dependence oand arsenic clusters, an observation which supplements a
the carrier density obtained from the data of the upper panalimilar one for the low-excitation regime as discussed in
by their evaluation with the Drude dielectric function under conjunction with Fig. 2. The dynamics close to delay time
the assumption of a fixed scattering time consfant of 15 zero differs from that of the other two samples discussed
fs. The data begin at a delay time of 0.7 ps because hobefore. At the highest excitation densities, the signal at time
carrier effects and the limited time resolution prevent the fitdelay zero does not increase with rising pump power any
procedure to reproduce the experimental data at earlier timemore. The reason is unknown at present. The small bump at
At the lowest excitation density, the carrier density decays delay time of 12.5 ps results from a reexcitation of the
exponentially with a time constant of 0.55 ps. This valuesample by a weak reflected optical beam.
corresponds to the carrier trapping time constgrf 0.5 ps The dynamics of the carrier density is obtained from the
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1x10"4
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1x10"7
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FIG. 5. Upper panel: THz differential transmission signal of the
sample grown at 275 °C. Lower panel: Time dependence of t
free-carrier density of the same sample as extracted from the Dru
model. Here, the carrier densities are normalized for easier com-

parison of the de
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cay dynamics.

two samples grown at lowef but in an even more pro-
nounced way. In addition, we find at very high pump flu-
ences and during the first 6 ps that the decay is rather fast at
Kink discussed befojeWe interpret the very rapid early de-
cay and the subsequent slowing down as an artifact of the
assumption of a constant scattering rdte Although a
density-dependent and hence time-depenfieéatmore real-

n{iirst before it slows dowr(and becomes faster again at the

data by fitting under the assumption of a time-independenistic we did not take this into account in our fit procedures
scattering time constarit™* of 50 fs. Figure 6 depicts the hecause the exact dependencel'obn the density is un-
initial carrier density obtained in this way as a function of the known. Assuming a rise of with time can lead to such a
nominal value calculated under the approximation of lineaichange of the calculated carrier density that the rapid decay
absorption. Above X 10*cm ™%, the nominal and the actual at small delay times becomes less pronounced or even van-
densities differ from each other corroborating the expectatiofshes. In fact, an increase of the value Ibfwith time is
that the relative pump absorption decreases with pump fluphysically plausible. At the extremely high excitation densi-
ence in the high-excitation regime.
We turn again to the temporal evolution of the carriershould be quite efficient, the material should behave
density in the lower panel of Fig. 5. For the lowest pumpmetal-like?® With decreasing carrier density, screening be-
fluence, the carrier density exhibits a single-exponential decomes less efficient. Hence scattering of the charge carriers
cay behavior with a time constants of 1.1 ps which agreegyith defects and clusteshe dominant scattering process in
well with the trapping time constant for this sample in Fig. 2. qyr samples as shown abovghould become more signifi-
For higher fluences, a kink develops as in the data for thgant and with it the value of should increase as argued

6.0x10"

itation Density

Actual Exc

3.0x10" 1

0.0

—=—:275°C
—0—:245°C

0.0

5.0x10" 1.0x10% 1.5x10®

Nominal Excitation Density

ties of our experiments, screening of Coulomb interactions

above.

One may wonder whether a similar feateerapid initial
decay followed by a slower ohés present in the data of Fig.

4. If it appears at the same carrier densities as in Fig. 5,
however, then it should occur at very early delay tire&7

ps which is not displayed in the lower panel of Fig. 4 be-

cause an analysis of the raw data with our simple model is
made impossible in this time window by hot-carrier effects

and the limited time resolution.

We now turn again to the relaxation of the charge carriers
at the highest excitation densities and explore once more the
late delay times beyond the kink. Here, the decrease of the
carrier density is faster than right before the kink, but slower
than the decay observed at low-excitation densities. We ar-
gued abovdFig. 4) that this observation may be explained

FIG. 6. Comparison of the free-carrier density extrapolated tody & continued blockage of some trap states which remain
zero time delay with the nominal carrier density for the samplesunavailable for trapping of other free carriers for a prolonged

grown at 245 and at 275 °C. The straight line shows the case gperiod of time. Figure 7 provides evidence that this blockage
linear absorption. does not extend for times longer than a few ten ps. Figure 7
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shows differential THz transmission data of the sampledescribe the relaxation simply by two time constants and to
grown at 275 °C for a pump fluence of 2 mJemThe data neglect the dependence of major parameters sudh #se
are shown over a longer time window than before. In additrapping timer;, trap emptying timer,, or the trap-state
tion to the signal discussed so far, one observes a second odensity on the carrier density. The simple model in Ref. 13
beginning at a delay time of 23 ps which results from aleads to the surprising result of a decrease of the trap emty-
delayed excitation of the LT-GaAs film by a part of the pumping time 7, with rising growth temperature and hence de-
pulse which is reflected twice within the sapphire substratecreasing density of traps. This is counterintuitive because
The intensity of the second pump pulse amounts to just 1%ne would expect rather larger valuesmfat reduced trap-
of the main pulse and hence provides only a weak reexcitasite densities. In fact, our data are consistent with this expec-
tion of the sample. The rather high amplitude of the THztation.
transmission signal is again indicative for the high sensitivity In summary, we have investigated the dynamics of opti-
of THz probing of free carriers. The important feature is nowcally excited free carriers in LT-GaAs by measuring the THz-
the decay of the second signal. It occurs monoexponentiallfrequency conductivity of thin films via THz transmission
with a time constant of 1.2 ps which corresponds closely teexperiments. With rising excitation density, a significant
the value of 1.2 ps measured for weak excitation of theslowing down of the decay of the conductivity, respectively
sample without a prepulse. The trap states apparently havke carrier density, is observed. For all excitation densities of
recovered completely within the time scale of 20—-25 ps. our experiments, however, the conductivity of material
We point out that attempts to model the carrier relaxationgrown and annealed at or close to optimal values
process with the rate-equation ansatz of Ref. 13 fail at highlecays within 10 ps without leaving a long-lived residual
excitation densities. As discussed above, it is insufficient taonductivity.
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