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Femtosecond time-resolved reflectivity was measured near theuinS&bsorption edge of several
GaAsSh, _,/AlISb quantum well samples. On the basis of differences in the reflectivity recovery
kinetics and plateau values, we deduce fhat. intervalley scattering can be effectively suppressed
for x=0.19. This is consistent with calculations incorporating confinement and strain effects which
give L-TI" energy separations of 2%€0) and 109 meV X=0.19). Suppression of intervalley
scattering can lead to increased internal quantum efficiency and higher carrier mobility ipr.55
based devices. @000 American Institute of PhysidsS0003-695(00)04244-3

Heterostructures based on GaSb and its alloys have beV (1.55 um) at 295 K. The band gap energy as well as the
come increasingly important due to potential applications irenergy separation between theand I' minima of then,
1.55 um communication device’s® Because of the small =1 conduction subband were calculated taking into account
energy separation betweéhandL conduction band edges, As fraction, quantum confinement, and striihe calcu-
however, phonon-assisted intervalley scattering plays a crdated value of E-E is shown as a function of As fraction in
cial role in these materials. Carrier occupancy of theal-  Fig. 1. TheL-TI" valley separation exhibits a monotonic in-
leys is often undesirable since the highewalley effective  crease with As fraction. The model predicts a separation in
mass reduces carrier mobility and provides a higher densitihe valley edges of 29 meV in GaSb/AISb wells, indicating
of states from which electrons can recombine with holes. that nearly all carriers in th& valley will have access ta
valley recombination reduces radiative quantum efficiencyvalley states through phonon absorption and emission
impeding laser applications. The prevalence of intervalleyProcesseéHowever, a value for £~ Er of 100 meV occurs
scattering in GaSb and GaSh/AISb multiple quantum welldor the relatively small As fraction of 0.17. This separation,
was experimentally verified using femtosecond time-corresponding te-4#£, , will induce a significant change
resolved reflectivity measurements by Smrétral? in the band'edge properties since mtervalley. scattering vylll

In this letter, we report the use of similar techniques toP€ €nergetically prohibited for electrons within approxi-

probe carrier dynamics in Gag8h, ,/AISb multiple quan- Mately 75 meV of the band edge.

tum wells. The incorporation of As into GaSb increases the0 19er corr:pehnt[]ate he(:jr_e OS sramples grown Mﬂqo and29
energy ofL valley states relative to thE valley due to the 19, forwhich the predicted—I energy separations are

largerL—T" separation in GaAs relative to its band gé&Fhe and 109 meV, respectively, and the quantu_m vyeII widths are
LT energy separation is 300 meV in GaAs, which is 21%8 and 5.1 nm. Due to the presence of bowing in the valence

8
of the band gap. corpared to 63 mev in Gasb, corespondi L ° T SIRY SIECE PR B PR R
ing to only 8% of the band gap energyElevation of L d y P ’

. . o ning of th n 1. requires that th ntum
states relative td" substantially reduces their influence on tuning of the band gap to 1.55m requires that the quantu

. . : . well layer thickness be lowered with increasing As fraction
band edge carrier dynamics and optical properties, thereby

improving material characteristics for applications. From our

measured band edge reflectivity kinetics, we deduce that for 0.8; 022
an As fraction &) of 0.19 (and higher valugsintervalley £
(IV) scattering can be made negligible for electrons with _08] 3®
energy<3 optical phonons#{{,,=26 meV in GaSh This % 2 z
conclusion is consistent with calculations of thel” energy ;JE. 04 o
separation in GaAS$b, ,/AISb quantum wells as a function '
. -l
of As fraction. ul ool
The GaAgSh, ,/AISb multiple quantum wells with As
fractions betweerx=0 and 0.3 were grown by molecular 0.0
beam epitaxy and designed to have a band gap energy of 0.8 0.0 02 04 0.6 08
As fraction

dElectronic mail: kchall@physics.utoronto.ca FIG. 1. Calculated energy separation betweenlttend L minima of the
Ypresent address: Optical Sciences Center, University of Arizona, 1630 East=1 conduction subband in Gaf&b _,/AISb quantum wells. Inset:

University Boulevard, Tucson, Arizona 85721. Quantum well width necessary to provide a band gap transition wavelength
90n leave from the Department of Physical Electronics, Norwegian Univer-of 1.55 um plotted vs As fraction, taking into account strain-induced sub-

sity of Science and Technology, N-7491 Trondheim, Norway. band edge shifting.
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for concentrations below 40%, as indicated in the inset of 1.0

Fig. 1. The AISb barrier layers are 8 nm thick for both ©

samples. From photoluminescence experiments at 295 K, the 4] g O'SM
band gap wavelengths were measured to be LBb (x o

=0) and 1.52um (x=0.19). The samples were fabricated N 0.8 05— @ ®
as multiple quantum wells, containing 6 periods=0) or g Probe delay (ps)
60 periods ¥=0.19), and grown on a Bragg mirror with a S 0.6

peak reflectivity of 80% at 1.5wm. The mirror consists of £ x=0.19
five periods of GggdAlg3,Sb/AISb M4 layers on a GaSb nd 04

substrate. o 021 (a)

Pump-probe reflectivity experiments were carried out at <= x=0
295 K in a standard noncollinear geometry, employing pump 0.0, r . T 3
and probe pulses with perpendicular linear polarizations. The 0 1 2 3 4

1 Probe delay (ps)

apparatus used is similar to that of Ref. 1. The Bragg mirrors
permitted the use of a reflection geometry in detecting pump-
induced modulation of absorption. In this geometry, changes
in quantum well absorption are linearly proportional to
changes in probe reflectivity. The optical source is a 250 kHz
repetition rate optical parametric amplifier, providing tunable
100 nJ, 115 fs pulses. For each sample, the pulse center
wavelength(1.53 um; x=0, 1.49um; x=0.19 was chosen
to correspond to 15 meV above time=1 heavy-hole to
conduction band transition. The 20 meV pulse bandwidth 04 . . . . .
produces carriers with kinetic energies30 meV. Peak car- 0 2 4 6 8 10 12
rier densities, as estimated from the pump fluence taking into Probe delay (ps)
account multiple reflections within the quantum well stack .
and mirror layers, were varied in the range<#09—7 O % @, Daie of pup wove elecily messyenents on
X 10'*cm™2. The differential reflectivity, which is the pump-  aiso shown is the pulse autocorrelation. The excited carrier density is 1
induced change in the probe reflectivity expressed as a pex10”?cm2 Inset: the same data on a longer time scé.Data shown
centage of the unsaturated probe reflectivity, was measura¥jth fitti_ng results, which are indicated by a_solid line. A lower resolution of
as a function of probe delay. data points was used fer>4.5 ps for technical convenience.

Figure 2 shows differential reflectivity data for the
samples at a carrier density oi1.0">cm™2; also shown is i the range X 10-7x10%cm 2 The single time con-

the pulse autocorrelation trace. For ease of comparison, th§ant in the As-containing sample was observed to increase
bleaching signals have been normalized to the peak valugom 430 fs at a carrier density ofP8102cm 2—1.8ps at a
near zero delay. In both samples, a rapid increase in absorgensity of 4< 10"t cm™2. For lower carrier densities, the de-
tion saturation is apparent, induced by the pump pulsay kinetics in the As-containing sample were observed to be
through state filling. This bleaching signal subsequently deindependent of carrier densityThe lowest carrier density
cays due to carrier—carrier and carrier-phonon scattering Pr&&smployed in the experiments was<40°cm=2.)

cesses which remove carriers from the optically coupled  since the energy distribution of the injected carriers is
states, leading ultimately to a Fermi distribution of carriers inthe same in the two samples, the differences in differential
thermal equilibrium with the lattice. The relatively time- reflectivity data must reflect differences in the electron scat-
independent plateaus reflect the degree of state filling in thgering processes at the band edge. We attribute the contrast-
optically coupled states after carriers have thermalized. Thiﬁ']g behavior to the suppression of electron scattering td.the
“steady state” signal decays on a much longer time scaleyalleys in the As-containing sample due to a largesI’
(>50ps) due to carrier recombination. The most notableéanergy separation. If injected electrons have acceksval-
difference between the two samples is the much larger steadyy states, a large fraction of them will rapidly scatter to
state bleaching signal, relative to the peak value, in the Asthese valleys via deformation potential scattering. Electron
containing sample. After account is taken of the fractionalexchange between tHé and L valleys occurs until equilib-
coherent artifact,one finds that the plateau is 19% and 66%rium with respect to both carrier population and thermal en-
of the peak saturation signal for samples withO and 0.19, ergy is attained. In equilibrium, the valley populations are
respectively. The decay dynamics also differ significantly indetermined by their density of states and the energy separa-
the two samples: exponential fits to the data using a lineation between the valley edges. Based on the values of
prediction singular value decomposition analystéindicate  E, —E from our model(see Fig. 1, we estimate that the

a monoexponential decay with time constamt=%!  percentage of carriers residing in tievalley in a Fermi
=750fs in the bleaching trace for the As-containing sampledistribution at 295 K would be 10% and 59% in the samples
while data for the GaSb quantum wells exhibits a two-with x=0 and 0.19, respectively. Following thermalization,
component recovery with time constant$ °=140fs and  one therefore anticipates a much smaller degree of optically
7%~ %=2.0ps[see Fig. b)]. Decay times for GaSb wells coupled state filling in the GaSbh quantum wells than in
were found to be inaependent of carrier density for densitie$saAs 195k, g1 Welis, and a correspondingly smalier steady-

AR/R (normalized)
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state bleaching signal relative to the peak value, in agreecrease with time for<2 ps, as the experimental data indi-
ment with the experimental observations. cate. Our findings are similar to those reported by Zhou
The difference in decay kinetics also supports this viewet al,'* who compared pump-probe results in InP and GaAs
of the carrier dynamics. In the absencd.ofalley scattering, using 2 eV, 50 fs pulses.
injected electrons thermalize to a Fermi distribution with a ~ Our measurements, which were performed with identical
temperature below 295 K, but approach the lattice temperanitial carrier energy distributions, provide an unambiguous
ture through phonon interactioh$resulting in a narronl’  comparison of electron dynamics in structures with and with-
valley energy distribution. The monoexponential decay timeout As. These findings have implications for future optoelec-
of 7=01°=750fs observed in GafssSh,g; wells reflects  tronic applications of G@s)Sb quantum wells, where re-
the time taken for thermalization and carrier warming withinmoval of intervalley scattering will improve material
theT valley. The observation of an increase in the recoverycharacteristics, including internal quantum efficiency and
time with decreasing carrier density in the data formobility.
GaAs) 1Shyg; Wells for densities in the range>310t2—4 _ _
x 10 cm2 suggests that carrier—carrier scattering plays a The authors gratefully acknowledge financial support of

role in the carrier dynamics at these densities. For densitied'® Natural Sciences and Engineering Research Council of
below 4x 10t cm 2, the density-independent recovery time Canada and The Royal Norwegian Research Council, and F.

of 1.8 ps is determined primarily by intravalley phonon scat-"ise for providing the fitting program.
tering events.
For the GaSb quantum wells, the observation of a two-
component bleaching recovery, with a much faster initial de-1k. c. Hall, S. W. Leonard, H. M. van Driel, A. R. Kost, E. Selvig, and D.
cay (7)1(:0:140 fs) reflects the presence of the additional ZH. Chow, Appl. Phys. Lett75, 4156(1999.
I'—L scattering process. Using a deformation potential of35"}f' Et)#tt; aSq tH"rl;' Bh;;J'FApﬂ'lpgmi Sfﬁl(lf%'msg 166
= FeVem ! for GaSh quantum wells, one finds ax o oar oo SN0 A FOTEN®, APPL TIYS. AL (1999
Dr_ =6x10"e : ’ q ! ) D. C. Smith, E. D. O’'Sullivan, L. Rota, A. C. Maciel, and J. F. Ryan,
that thel'—L scattering time for electrons resonant with the pnys. Status Solidi 204, 110(1997; Physica E2, 156 (1998.
L valley minima is TF—L:70fS’4 in reasonable agreement 5Semiconductors-Basic Datadited by O. MadelundSpringer, Berlin,
with our results. The longerr =2 ps) decay time for (1999, . . . . .
. . . . In carrying out this calculation, a linear interpolation was used for the
GaSb_ We”§ s determined by carrier thermalization and (gjative positions of thd” and L valleys in the conduction band in the
warming within thel” valley. ternary system, which is valid since bowing in the electronic states in
The lack of carrier density dependence in the pump- GaAs)Sb is restricted to the valence ban@/s T. Vasko and A. V.
probe data for Gasb guantum wells indicates that the CamerKuznetsov,EIectronic States and Optical Transitions in Semiconductor
d ics duri th lizati d . det ined Heterostructures(Springer, New York, 1999 Strain effects were in-
ynamics during ?rma Ization and warming are de erm'n? cluded using standard elastic the@B: Voisin, C. Delalande, G. Bastard,
by phonon scattering processes for the range of densitiesm. voos, L. L. Chang, A. Segmuller, C. A. Chang, and L. Esaki, Super-
investigated. The carrier population approaches thermallattices Microstructl, 155 (198_5] assuming that thg multiple_ quantum
equilibrium more slowly in GaSb quantum wells than in As- well stack was coherently strained to the Bragg mirror, as indicated by
y . . ) x-ray diffraction and photoluminescence measurements. Confinement was
based.samples due tc').ca.rrler exchange V\{lth_thalleys. the treated using a single band in the envelope function approximation, with
establishment of equilibrium populations in theandL val- an assumed 70% conduction band offset atlthgoint in the heterostruc-
|eyS at a common temperature requires Carriers to returntufe[F. W. O. Da SiIva, C. Raisin, S. Gaillard, C. Alibert, and A. Rocher,

. Thin Solid Films190, 21 (1990].
from the L valleys. The time constant for to I' return "The energy of an optical phonon in GaSb is 26 nig¥e Ref. band the

scattering using the earlier deformation potential7js onset for scattering by phonon absorption occurs at a carrier kinetic en-
=2 ps, in agreement with the second measured time constangrgy in thel valley that is one phonon energy below theminimum.
in the pump-probe data for GaSb quantum wells. The elec®T. C. McGlinn, T. N. Krabach, M. V. Klein, G. Bajo'r, J. E. Greene, B.
tron return scattering time is much longer than the scatter out gég?(elré% A. Bamett, A. Lastras, and S. Gorbatkin, Phys. Re83p
time due to Fhe lower density of states in thevalley. Elec- 95 ;. Taym;’ D. J. Erskine, and C. L. Tang, J. Opt. Soc. Am2,E63
trons returning from the. valleys carry excess energy not (1985.
only because of the difference in the band offsets, but alséog- W. W'SEeI' M. J-Q Fé"zs?‘fe{’lfé(ig%;"ha“se“ and C. L. Tang, IEEE J.

: e . . 0 uantum Electron =293, .
because a S|gn|f|cant fractlc(apprommately 40% .Elt 295K 11 The analysis was restricted to delay valaeshan 150 fs, where the pulse
of the electrons retum_thrOUgh phonon absorption. Further- aytocorrelation falls to<5% of the peak value, to avoid contributions
more, the electrons which scatter to thealleys warm more from the coherent artifact in the fitting time constants.
rapidly through intravalley phonon scattering than tfie W. W. Rihle and H.-J. Polland, Phys. Rev.38, 1683(1987).
electrons due to the larger density of states inlthealleys. i'u ;?aQHyBé ':F:Z‘\’IEE"L‘;‘:{SE zcézga(‘lmgegnn’ W. T. Tsang, A. C. Gossard, and P.
The returning electrons therefore heat thepopulation®® 1y Qj Zhou, G. C. Cho, U. Lemmer, W. K K. Wolter, and H. Kurz,

causing the absorption bleaching at the band edge to de-Solid-State Electron32, 1591(1989.



