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Influence of the hole population on the transient reflectivity signal
of annealed low-temperature-grown GaAs
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We study the influence of the carrier dynamics on the transient reflectivity of
low-temperature-grown GaAs samples. We report a precise modeling of the recorded reflectivity
data, which exhibit multiexponential decays and changes in sign, using a standard point defect
model and taking into account the effects of the band filling, band gap renormalization, and trap
absorption. We show that the valence-band hole population plays an important role in the behavior
of the signals, and that it must be taken into account in order to optimize low-temperature-grown
GaAs-based devices. @002 American Institute of Physics. [DOI: 10.1063/1.1463209

Low-temperature-grown GaA&T-GaAs) layers are ex- are trapped in the defect levélghus, the induced absorp-
tensively studied for ultrafast optoelectronic applications dugion should be only observable in samples with a high defect
to their improved subpicosecond carrier lifetime, high carrierconcentration, i.e., the as-grown samples. However, in the
mobility, and high breakdown fields. These interesting prop+eflectivity measurements that we present here, although
erties allow the realization of components such as THZhere are no negative transients in as-grown and 500 °C/60 s
sources and detectors, saturable semiconductor absorib@mnealed LT-GaAs samples, we observe them in the same
mirrors, or ultrafast metal-semiconductor-metal photo-samples after an anneal of 500 °C/10 min. These experimen-
detectors. The properties of the LT-GaAs depend both on thetal facts show the need for a more accurate physical descrip-
growth conditions(growth temperature, growth rate, V/II tion of the transient.

ratio, etc) during the molecular-beam epitaxiBE) pro- In this letter, we report results on the modeling of tran-
cess, and on the postgrowth anneaﬁm@wa‘[ion and tem- sient differential reflectivity AR) measurements of LT-
peraturg. GaAs samples. We used a standard point defect model,

It is known that during the growth step, excess As iswhich takes into account the electrand hole populations,
incorporated, which leads to the formation of a high densityand calculated the effects of band filling, band gap shrinkage,
(107-10° cm™3) of Asgyrelated point defectsThese de- and trap absorption. We found that most of the previously
fects form a midgap band, and act as nonradiative recombMnexplained behaviors are due to the influence of a slowly
nation centers that decrease the carrier lifetimes. When théarying hole population in the valence band.
growth temperature is lowered, more defects are incorpo- '€ two samples studied here were realized by MBE on
rated, and thus the carrier lifetime is reduéeburing the & Varian Mod Gen Il reactor. They consist of gun-thick
postgrowth annealing step, the carrier lifetime is generally-1"GaAs  layer embedded between 20  nm-thick
increased due to the precipitation of the point defects in Ad\0.255%.75AS layers in order to avoid surface recombination
clusters, although the annealed layers can also show an uﬁ[‘d leakage of the photogenerated carriers to the substrate.
expectedly reduced carrier lifetime in some specific cases. CroWth rates of Jum/h and a Vilil ratio of 3.0 were used.

One of the most effective ways to characterize the LT—The deep dono(DD) concentrations deduced by high reso-

GaAs material without the need to process devices is to pellutlon xray difiraction (HRXRD)® are N pp~5.9

% 109 a3 0 9 am—3
form transient reflectivity measurements. The signal decayisr%?<101 cm > (0.31% excess As, samplg AL5x 10" cm

: 0.08% excess As, sample.B'he samples were theaax situ
then usually roughly interpreted as the decay of the exce . o :
A . S ash annealed for 500 °C and 700 °C during 60 s, and for

carrier lifetime in the material,and the optimization of the o . ; )

rowth/annealing conditions performed in view of the de-500 € during 10 min. As expected, we observed a reduction
g d final I'g i H P lained beh of the DD concentration with increased annealing tempera-
sire mr? app |cat|.on. 0\1vevetr, so-met unexp Slne de' Wure. For theAR measurements, we used pump and probe
0TS Such as negative or SIow transients are obServed N age ;g from a Ti:Sapphire oscillator with wavelengths of 812
grown or very lightly annealed samples, in reflectivity but

. . i i nm and 100 fs full width half maximum pulse duration. The
also in transmittance experiment$They usually disappear pump beam of 70 mW, focused down to i, is expected
when the material is annealed at temperatures higher thgp generate about%lé” cm3 electron—holé pairs in the
600°C. This behavior was attributed to a change in theprobed region.

defect-to-band absorption when the injected excess carriers Figures 1 and 2 show the measuteR signals. During

the pump pulse duration, the signal rapidly increases to a
dElectronic mail: valentin.ortiz@thalesgroup.com maximum value, then it rapidly decreases in the following
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ton energy andvpp= opphpp the DD absorption. Herepp
is the DD absorption cross section. We neglected Auger and
band-to-band recombination since these effects are much
slower than the nonradiative recombination in our present
case.
After calculating the values of the carrier concentrations,
we deduced the variation of the refractive index. For this, we
1 2 3 4 calculated the variation of the absorption coefficient due to
Pump-probe delay (ps) different effects: band-gap renormalizatiéBGR),'° band
FIG. 1. Transient reflectivity signal¢og. scal¢ for the sample A as-grown filling (BF '10 and DD absorption. Following the data prg-
and annealed 60 s for 500 °C and 700@lid lineg and their respective ~ Sented in Ref. 10, we neglected the free carrier absorption.

modeling (dotted line with Npp=5.9x 10"/Np= 15X 17018 cm 3, Noo  For the BGR, we used a law of the tymﬁgg:a(nlﬁ/me
=1.5X10"YN,=1.6x 10" cm and Npp=8.9X10'/N,=8.9x 10" + pl/3/mdh), wheremdh=(m3’2+ mﬁ’ 23 gnd s a propor-

cm 3. Inset: calculated transient CB-electron, VB-holes, and nonionized . . . 1h hh .
donor concentrations for sample A annealed 700 °C/60 s. tionality constant determined to fit experimental results. Us-

ing the Kramers—Kronig relation, we then deduce the refrac-

ive index variationAn, and thusAR (which was found to

L. . . . |
0.2 ps. This is attributed to the relaxation and the cooling ottb : .
carriers to the bottom of the bands. Then, for sample A as>® proportional taAn, as expected We did not attempt to

grown and annealed at 500 °C and 700 °C for 6Big. 1), a moderl1 the mrl]tlzzl fzzst thzrma#zaﬁon and_coolm? prO(ies§. )
nonexponential decrease of the signal is observed, which The method adopted to fit the experimental results is the

corresponds to the carrier trapping by the DD states. For th@"ow'ngé we fixed the DD absorption cross flect|onng
samples annealed 500 °C during 10 rtfiig. 2, we observe, 2% 10* gmz,_\s/vhmh gives app=>5X 10° cm = for Npp
after a fast subpicosecond decrease, an important negative2->< 10** cm according to the experimental results in
reflectivity signal with a slow return to the equilibrium. This Ref. 11, and chose a unique best set of CB-electron and
behavior is not observed in our as-grown samples. VB-hole cross sectionéo, and o) for all samples: o=

To explain these different behaviors, we developed %10 *°cnf ando,=1x10"*" cn?, values in agreement
Shockley—Read—Hall model including thermal procebseswith those reported in previous studiésThe Nop for each
which allows the calculation of the transient electron andsample is given by the value measured by HRXRD and we
hole populations. The Fermi level is fixed by the compensaend up with one single fitting parameter for each experiment:
tion between the amount of incorporated acceptdbrg)(and N, . By changing this value, we must be able to describe
the incorporated donordNpp). The acceptor concentration, every observed behavior.
in the absence of doping, is most likely constituted by either  In Figs. 1 and 2 are plotted the calculated results for the
the Ga vacancy defects generated during the LT-GaAs depsamples studiettotted lines. Concerning the 60 s-annealed
sition and annealifgor by the residual doping during the sample(Fig. 1), we obtain an accurate description of thR,
MBE growth. The rate equations concern the electnoiis  which reproduces the nonexponential decays and the lifetime
the conduction bandCB), the holesp in the valence band reduction after an annealing at 500 °C/60 s. The range of the
(VB) and the nonionized deep donarsy in the defect band.  values found foN, are in agreement with other values re-
For example, the decay rate of electronfsom the CB to the ported in the literaturé®
DD states reads-Bcg-.op"N(Nop—Npp), WhereBes_.op is For the long-annealed samplgsg. 2), we obtain a good
the CB-electron capture coefficient by the ionized DD cen+it and a good description of the observed negative transient.
ters(proportional to the.carrlerthermal velquty and the elec-tpe discrepancy between the model and the experimental
tron capture cross sectiar,). We also took into account the a4 for very short times<(1 ps) is attributed to the ther-
effect of the absorption by the nonionized DD, with an ad-iajization process, which is not taken into account. The high
ditional generatlo_n term in the CB-electron population N, we have here £6-7x10'cm 3) ensures a high
appl/hv, wherel is the incident pump powehuv the pho- 5060t of ionized DD, and therefore many more empty

states for electrons in the DD band than for holes. This leads

3 . ' ' L to an extremely fast decrease of the CB-electron density
500°C/10min e

AR (log. a.u.)

compared to the VB-hole onsee inset of Fig. 2 which
gives an initial subpicosecond decay tirtassociated with
the decay of CB electrohsnd then a slow negative signal
with the same decay rate as that of the VB holes. The nega-
tive contribution of VB holes taAn (at A~812 nm) is cal-
culated in Fig. 3, where the different contributionsAtR are
described in the case of the sample A annealed
500°C/10 min. These calculations also show that the DD
absorption contribution is negligible compared to the BF and
FIG. 2. Transient reflectivity signals for the samples A and B annealed 1BGR one.

vn\jultr;w forru::,)g 1%>(<Sfcl;g/:\llr:f7axnfoltg i:;?spj,f(‘jveN’;"D°f§fQS’f§§,de’;e§ -In Fig. 4, we show the calculatekin as a function of the

X 10'® cm3. Inset: calculated transient CB-electron, VB-holes, and nonion-€XCitation wavelength for the sample A annealed 700 °C/60 s
ized donor concentrations for the sample A. and 500 °C/10 min, 1.5 ps after the carrier injection, and the

AR (a.u.)

Sample A

0 1 2 3
Pump-probe delay (ps)
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N N o Sample A such types of layefs show the same negative transients as
%4 500°C/10min ours.
. 50 In summary, we performed R measurements on LT-
% 21 S et r GaAs layers, which exhibit nonexponential behaviors as well
5 Ponp-Frabe delay () as negative reflectivity signals. These are described accu-
U S R I rately by a general point-defect model that uses the DD con-
total centration(measured by HRXRPand the net acceptor con-
2 00 05 10 15 20 centration in the LT-GaAs layer as input parameters. This
Pump-probe delay (ps) model allows the calculation of the transient carrier popula-

FIG. 3. Calculated real he refractive ind a onal tions in the material and the modeling of the associat&d

. 3. Calculated real part of the refractive index variafjproportional to : . :

AR) for the sample A annealed 500 °C/10 min. Calculations for a pump—\Ne Shqwed_that the negative 5'9”3'5 of the samples with ang
probe wavelength at =812 nm, taking into account only the hole popula- @nnealing times can be explained by a slowly decreasing

tion (the electron one is arbitrarily set to zero, dashed))im@d only the  hole population. This is related to a high amount of acceptors
electron populatioridotted ling; solid line: complete calculation. Inset: con- present in the matrix.
tributions of the BGR(dotted ling, the BF(solid line) and the DD absorp-

tion (dashed linex 100 to theAn. The authors thank R. Bisaro for HRXRD measurements,

and X. Marcadet and J.F. Lampin for useful discussions. Part
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