Subband gap carrier dynamics in low-temperature-grown GaAs
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Measurements of the carrier relaxation dynamics in low-temperature-grown GaAs have been made
with a femtosecond-resolution, time-resolved pump-probe technique using a subband-gap
probe-beam wavelength. The transient absorption and index of refraction changes have been
analyzed using a relaxation model with up to four different excited state populations. The carrier
recombination time within the midgap trap states is found to be longer than the subpicosecond
free-carrier trapping time. Two time scales are observed for the recombination rate, one of a few
picoseconds and one of hundreds of picoseconds, indicating the presence of at least two different
trap states for the free-carriers in this material. 1897 American Institute of Physics.
[S0003-695(197)02715-0

Since its discovery,low-temperature grown GaA&.T- The experiments were performed using a mode-locked
GaAs9 has been the subject of sustained interest. This is priTi-sapphire oscillator operating at=810 nm with a pulse
marily because its semi-insulating propertiesd its very  width full width at half-maximum(FWHM) of 110 fs and an
short carrier lifetim& have proven to be very useful in device optical parametric oscillator operatingat 1.56 wm with a
applications, and also because the roles of trapping and repulse width of 100 fs. The probe beam, which had 1 mw
combination are still unresolved and somewhat controversialverage power, as polarization, and an incident angle of
Measurements have demonstrated subpicosecond free-carrigg®, was focused down to a spot size of gén onto the
relaxation times, which are attributed to the high densities okample. The pump beam, with 18 mW average powey, a
As related defectgespecially As antisitgsand, when an- polarization, and an incident angle of 34°, was focused to
nealed, As precipitates. Most recently, several new experii00 um. Standard lock-in detection was used to measure the
ments have addressed the issue of separately resolving th@nsient reflectivity AR) and transmissivity £T). The
free-carrier trapping time and the carrier recombination timemethod described in Ref. 10 has been used to extract the
in this materiaf~® induced absorption &) and index of refraction 4n)

A common means for determining the carrier relaxationchanges from the measurdd” andAR, taking into account
dynamics is the transient differential transmission/reflectionte Fabry—Perot effect.
pump-probe technique. Figure 1 presents a typical result Regylts for the LT-GaAs sample grown at 210 °C and
from such a measurement on a LT-GaAs sample. grown &nnealed are presented in Fig. 2. For semi-insulating GaAs
210 °C and annealed._ A bleaching of the absorpnon is Ob(not shown, a pump-probe measurement witt, =X\,
served near the zero time delay due to free-carriers photoge: 1 gg um yields only an instantaneous peak of small am-
nerated by the pump beafthe bandfilling effect® and this plitude due to two-photon absorption. However, this two-
recovers within a single picosecond. However, upon Closebhoton absorption is too small to generate a significant
observation, in Fig. 1 inset, it is obvious that the system doeﬁmount of free-carriers. Figure(@ shows a pulse with a

not return to its ground state before several hundreds of Pider peak than the pump-probe cross correlation. This indi-
coseconds. It is very important to understand the nature of

this long-lived excited state, since a slow carrier recombina-

tion time could severely limit the maximum repetition rate of

optoelectronic devices made with this material. 1 T
Here we report results of a femtosecond-resolution, 0

time-resolved pump-probe experiment on LT-GaAs using -

subband-gap photon energy for the probe beam. This experi-

ment has a sensitivity targeted at the dynamics of subband- &

gap carriers, leading to new information on the carrier trap- \g -200

ping and recombination times in the defect levels within the <]

band gap. The sample investigated is a @rB-thick,

[ T S Y

molecular-beam epitaxial LT-GaAs film grown at 210 °C L ‘ |40 . .80 1
andin situ postannealed at 600 °C for 10 min. The film was -400 0 s

removed from its native substrate by chemical etching and Delay (ps)

bonded to a fused silica substrate to facilitate transmission

measurements.

FIG. 1. Transient absorption change for an LT-GaAs sample grown at
210°C and annealed, with,,=\,=810 nm. Inset: the low-amplitude,
dElectronic mail: whitaker@engin.umich.edu long-duration relaxation tail observed with enhanced resolution.
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wheretg is the time delayl ,(t) andl ,(t) are the pump and
probe pulse profile, respectivelgf" is the ground state ab-

- (b) kpu= 810 nm, Kpr= 1.56 pm - < sorption coefficient at the pump wavelength, dnal,, is the
s e = pump beam photon energR(t) is the material response
[\ N\~ Fitto Ag, - kv function, given by
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R(t)=ainsc‘)‘(t)+a1P1(t)+a2P2(t)+ ey (2)

where a; are amplitude factors and(t) is the Dirac delta
function, accounting for an instantaneous contribution to the
responseP;(t) are the impulse response functions obtained
by solving the coupled relaxation equations
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and so on.

Then, P;(t) represents successive excited-state popula-
tions, decaying with the relaxation time. Here we did not
attempt to fit the data with both the electron and hole densi-

FIG. 2. Transient absorption and index of refraction change for an LT-GaAstIeS’ since that requires a precise knowledge ofAheand

sample grown at 210 °C and annealed. Also showtbjincalculated curves AN caused by each carrier type at each of their different
from the fitting procedureP;, P,, and P are the three individual excited- excited states. Then, in terms of carrier densities, each
state population contributions to the sigitaée the text P;(t) is composed of both electron and hole densities at a
given stage of their relaxation, when they have similar relax-

cates that, for this sample, a significant number of carrieraition times. Nevertheless, this phenomenological model al-
can be excited from the midgap defect states to the condudews one to extracéverycomponent contributing td « and
tion band and/or from the valence band to the midgap defechn that has a different relaxation time. Also, from the re-
states. Figure (®), when compared to Fig.(@), shows thata sults, it does appear that we often can, from qualitative ar-
subband-gap probe-beam wavelength is more sensitive to tlgements, ascribe a give;(t) to a particular carrier type
long lived excited states that are related to defects. (i.e., as being dominated by a particular carrier yype

In Fig. 2b), along with the experimental results, calcu- The values obtained from this fitting procedure are pre-
lated curves forA @ are presented. These include contribu-sented in Table I. Values preceded by the symbei™in-
tions to the signal from three individual carrier populations,dicate a more uncertain value due to the relatively small
along with the total of these three. Fits were made using theontribution of this excited state population to the signal
following model and/or due to a relaxation time much longer than the scanned

TABLE |. Parameters obtained from the fitting procedure of the results for an LT-GaAs sample grown at
210 °C and annealed. Values of 178 and 12 000 trvere assumed for the ground state absorption of the
pump beam &) at \p,=1.56 um and 810 nm, respectively. Tte associated ta\a are in X 10~ cn?,

those forAn are in X 107! cn®®. The relaxation times() are in picoseconds.

P, P, P, P,
Qins a 71 a; T2 ag 73 ay T4

Npu=Npr= Aa 74 073 431 73
1.56 um An 0.51 —3.55 0.72 0.24 10 0.07 >300
Ap=810 nm Ao 0.01 0.37 10.8 1.2 0.78 9.5 0.30 ~138
Apr=1.56 um An -149 013 -3.28 0.75 0.03 =440
Apu=Npr= Aa —441 0.14 —-66.3 0.58 2.75 ~10 0.82 >300
810 nm An 106 039 -4.0 15 -043 =30 0.07 >300
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time window. The symbol *>" indicates that, while the here. The P;(t) population could result from electrons
data has a long relaxation time signal, no precise value fotrapped at As antisites, whike,(t) could be due to a shallow
this relaxation time can be obtained from the fitting proce-trap (As compley, and weak coupling of the defect to the
dure. GaAs matrix would explain the long, relaxation time.

Certain significant trends are noted in the data of Table I.  Whether such a long recombination time would severely
For example, the relaxation times &% (t) extracted from limit the repetition rate of an optoelectronic device would
theA« andAn data afh ,,=810 nm andh,,=1.56 um, (that  depend on how many carriers each recombination channel
is, 0.37 and 0.13 ps, respectivelgre remarkably close to (i.e., each set of trapping statesan handle and on how
those found fromAn and A, respectively, forn,,=\,  much the saturation of one channel by carriers would affect
=810 nm. This suggests that the two different valuesof the characteristics of the material. For the former, saturation
for P(t) are representative of the relaxation contributions ofexperiment$ have indicated that the first recombination
the two different carriers. We know for,,=A,=810 nm  channel can handle a high number of carriers while the sec-
that theA « response arises from the bandfilling eff@end, ond saturates easily. Therefore, due to the low density of
since the conduction band density of states is much smallerarriers trapped in the long-lived trapping states, only small
than that of the valence band, that the signal is mainly due tperturbations to the material characteristic are expected on
free electrons. For this pump-beam wavelength, the carrierhis > 100 ps time scale. The possibility of the existence of a
are also photoexcited with an excess kinetic energy ohigh density of trap states having a lifetime -6fL0 ps still
~100 meV. Thus, the relaxation time of 0.13 ps can beraises uncertainty regarding ultrahigh-repetition-rate pulse
directly associated with the cooling of electrons, anddetection.
7,=0.37 ps can be interpreted as the hole cooling time. To summarize, the results of the analysis of subband-gap

A corresponding similarity between relaxation times for pump-probe data using a model that includes different
P,(t) extracted using th&n and A« for different sets of excited-state populations show four different time scales for
pump-probe wavelengths is also observed. In this case, wihe carrier relaxation dynamics. The first is related to the hot
note that the amplitudeag) associated withAn for both  carrier relaxation within the band. The second, havisgl
Apu=Apr=1.56 um and \,;=810 nm, A, =1.56 um re-  ps, is associated with the free-carriers being trapped into
mains essentially constant, meanifig scales with the den- midgap states. The last two, around ten ps and several hun-
sity of generated carriers. This contributioa,] to An can  dreds of ps, are attributed to carrier recombination within the
then be assumed to be due to free-carfimnd since the midband-gap trapping states. This indicates the presence of
electron effective mass is about 7 times smaller than that of at least two sets of trapping states for the electrons and the
hole, An should mainly be due to the free electrons. There-holes.
fore, these relaxation times,=0.7 and 1.2 ps can be asso- This research was sponsored by the Air Force Office of
ciated with the electron and hole trapping times, respecScientific Research, Air Force Materiel Command, USAF,
tively. This assignment is also confirmed by the fact thatunder Grant No. DOD-G-F49620-95-1-0027 and by the Na-
Aa, whenh,,=\,=810 nm, is still dominated by the free- tional Science Foundation through the Center for Ultrafast
electrons, even after the carriers have codleds for the  Optical Science under STC PHY 8920108. Additional sup-
case of carrier cooling, results extracted usihg at one set port provided by le fonds pour la Formation des Chercheurs
of pump and probe wavelengths have been correlated witkt I'Aides ala Recherche. The authors acknowledge Lincoln
information gathered from\n at a different set of wave- Laboratory for growth of the LT-GaAs.
lengths.
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