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Time-resolved study of intervalence band thermalization in a GaAs
quantum well
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The thermalization of optically excited cold holes in a GaAs quantum well is investigated by
femtosecond two-color pump–probe measurements. Clear evidence is found for scattering fro
heavy-holes into the lowest light-hole band due to LO-phonon absorption. We obtain firm data o
scattering times which depend strongly on lattice temperature. They vary from 230 fs at roo
temperature to 900 fs atT5105 K. The experimental data are well reproduced by numerical
calculations. ©1996 American Institute of Physics.@S0003-6951~96!03021-5#
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Firm experimental data on ultrafast carrier dynamics
semiconductors and semiconductor heterostructures ar
prime importance for the development of novel ultrafa
opto-electronic devices. The development of ultrashort-pu
lasers has stimulated a large number of time-resolved stu
addressing the picosecond and subpicosecond dynamic
nonequilibrium carriers in GaAs and other III–V
semiconductors.1,2 Since the density of states in the condu
tion band is generally much lower than that of the valen
band, in most studies the experimental signals are domin
by the dynamics of optically excited electrons.3 Only in a
few specific experiments could information on the hole
laxation dynamics be obtained in special samp
structures.4–8 In these studies, holes were excited with a c
tain excess energy and subsequent cooling processes
observed. In contrast, optical excitation of excitons close
the band edge will create initially cold holes. In this case,
hole dynamics at elevated lattice temperatures is expecte
be dominated by the absorption of longitudinal optical~LO!
phonons that leads to a heating of the initial ho
distribution.3,7

In this letter, we investigate the intervalence band th
malization of optically excited holes. Femtosecond tim
resolved measurements of the bleaching of the heavy-h
~HH! and light-hole~LH! exciton transition in a GaAs mult
quantum well~MQW! sample are performed. The nonline
absorption of the excitonic transitions is determined by t
contributions, namely the reduction of the oscillator stren
and the broadening of the exciton line.9 It has been shown
previously that the reduction of the oscillator streng
strongly depends on the subband occupation number, w
the intrasubband carrier distribution does not play a sign
cant role.9,10 In the same work it was found that broadenin
is not affected by changes of the subband occupation. F
thermore, measurements of absorption changes at the
energy edge of the E1H1 transition—which are domina
by broadening—under various excitation conditions on
show an ‘‘instantaneous’’ signal without any further dynam

a!Present address: FOM-Instituut voor Atom-en Molecuulfysica~AMOLF!,
Kruislaan 407, 1098 SJ Amsterdam, The Netherlands.
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ics on a picosecond time scale, indicating that this sig
contribution is not sensitive to the exact intrasubband car
distribution, either.11 These facts make it possible to measu
changes of the hole subband occupation by choosing sam
and excitation parameters that prevent any electron inters
band dynamics.

Our experiments are performed in a two-color pum
probe scheme, using femtosecond pulses of a Kerr-l
mode-locked Ti:sapphire laser with a pulse duration of 50
and a bandwidth of'38 meV full width at half-maximum
~FWHM!. In order to allow selective excitation and probin
of various excitonic transitions, the pump pulses are sp
trally filtered with interference filters of'9 meV FWHM,
and the probe energy is selected using a monochrom
('2 meV FWHM! behind the sample. The reduction of th
bandwidth results in a temporal broadening of the pum
pulses to'300 fs, while spectrally filtering the probe puls
behind the sample does not lead to a further limitation of
temporal resolution. We measure optically induced transm
sion changes of a GaAs MQW sample by using a photom
tiplier behind the monochromator and applying a lock-
technique. The sample consists of 40 periods of 6.5
GaAs wells and 20 nm Al0.35Ga0.65As barriers grown by mo-
lecular beam epitaxy. The substrate is removed by chem
etching to allow transmission measurements. The sampl
placed in a closed-cycle cryostat to perform measuremen
various lattice temperatures.

The optically induced transmission changes near
band edge of the MQW sample are completely dominated
changes of the lowest two excitonic absorption lines. As
lustrated in Fig. 1 they correspond to transitions between
first HH and LH subbands and the lowest electron subba
In the same figure a typical differential transmission spe
trum is shown obtained in a ‘‘white-light’’ pump–probe
experiment3,9 at room temperature taken 3 ps after reson
excitation at the E1H1 transition. The spectrum reflects
quasi-equilibrium situation. Within this time interval the op
tically created carriers are completely thermalized with t
lattice. The splitting between the HH and LH excitons of 2
meV is large enough to allow selective pumping and pro
ing. Bleaching of continuum transitions can be neglected
6/68(21)/2956/3/$10.00 © 1996 American Institute of Physics
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comparison with the transmission changes at the exci
peaks.

Figure 2 shows the temporal evolution of the induce
transmission changes at room temperature after resonan
citation of the HH and LH exciton, respectively. The tran
sients were measured with the probe tuned to the maxima
the exciton lines, as indicated in the figure. The total carr
density for both excitation wavelengths isNexc51.131010

cm22, as estimated from the pump power and the spot si
For the case of LH excitation, the time dependence of t
HH and LH transmission changes is characterized by a r
that closely follows the integral of the pump pulse and do
not show any indication of carrier relaxation on a picoseco
time scale. In contrast, after HH excitation, we observe
initially enhanced bleaching at the HH transition, which r
laxes within'1 ps. Complementary to this relaxation, th
rise of the LH bleaching is significantly slower than unde
LH excitation.

While the ‘‘overshoot’’ of the HH bleaching is very
similar to early results from Knoxet al., who studied the
ionization of excitons by LO phonon absorption,12 the de-
layed increase of the LH bleaching indicates that the tra
sient bleaching dynamics in our experiment cannot be e

FIG. 1. Room temperature differential transmission spectrum of the MQ
sample at a time delay of 3 ps. The total carrier density
Nexc51.131011 cm22. The peaks correspond to the bleaching of hea
hole and light hole exciton transitions.

FIG. 2. Time evolution of the pump induced transmission change measu
at the maxima of HH and LH lines. The pump was tuned either to the H
line ~solid lines! and the LH line~dashed lines!. The excitation density for
both pump energies isNexc51.131010 cm22. Results of numerical simula-
tion are also shown~dotted lines!.
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plained by exciton ionization alone. In fact, the transmissio
signature after HH excitation matches the expected dynam
associated with interband population changes of cold ho
which are heated up to lattice temperature by LO phon
absorption: Under the chosen experimental conditions, o
heavy holes are optically excited. Due to thermalization wi
the lattice however, a significant number of holes will b
transferred into the LH band since the L–H splitting is on th
order of the thermal energy of the lattice. This interpretatio
is supported by a numerical simulation based on coupled r
equations for the HH and LH occupation. The simulation
include both an ‘‘instantaneous’’ contribution due to broad
ening and electron subband occupation and a contribut
due to the HH and LH subband occupation changes. T
simulation results are indicated by the dotted curves in F
2, which have been obtained assuming a single intervale
band scattering time oftH2L5230 fs. Obviously, the experi-
mental data can be closely reproduced by the simulati
indicating a common cause for the HH bleaching decay a
the delayed LH bleaching increase.

Although the experimental situation is more compl
cated, no significant changes of the relative LH and HH o
cupations can be observed in the experimental data after
excitation. Due to the HH continuum both heavy and lig
holes will be excited so that intervalence band thermalizati
may also occur by hole–hole scattering processes. As
L–H splitting is smaller than the LO phonon energy, L→H
transitions can only occur by emission of acoustic phono
or absorption of LO phonons. The former process is know
to take place on a time scale of 130 ps.4 The latter is quite
inefficient due to the large momentum change required. W
note that the bleaching dynamics after resonant LH exci
tion does not show any fast changes which could be assig
to ionization of the LH excitons.

In order to further verify our interpretation of the experi
mental data, we performed measurements at different te
peratures. Theory predicts that interband scattering rates
pend linearly on the phonon occupation number a
therefore on the lattice temperature.13 For the case of excita-
tion at the HH subband minimum the H-L scattering rate d
to LO phonon absorption is given by:13

tH2L
21 5

e2vLO

8pe0
F 1e`

2
1

es
GNLOE HHL~Q!

Q
dHL~EL~kL !

2EH~0!2\v0!dkL, ~1!

where e`510.92, es512.90, kL is the final state wave-
vector of the electron,Q5ukLu is the in-plane phonon-wave-
vector component,vLO is the LO-phonon frequency,NLO is
the phonon occupation number:

NLO5FexpS \vLO

kT D21G21

, ~2!

andHHL~Q! is the multisubband coupling coefficient:

HHL~Q!5E E dz1dz2FHL~z1!FHL~z2!exp~2Quz12z2u!,

~3!

whereFHL(z)5FH(z)FL(z), with FH(z),FL(z) representing
the hole wave functions.
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Figure 3 shows time-dependent transmission chang
probed at the LH exciton line under HH excitation at lattic
temperatures of 300 K, 205 K, 150 K and 8 K. Data taken
250 K are omitted for sake of clarity of the figure. The tran
sients are normalized to allow a better comparison of t
bleaching dynamics. The rise of the LH bleaching becom
slower with decreasing temperature, as expected from E
~1! and~2!. The experimental data can be well reproduced b
coupled rate equations and a temperature-dependent H
scattering timetH2L , that varies from 230 fs at 300 K to 900
fs at 150 K. At T58 K only the instantaneous signal contri
bution is observed since the phonon occupation number
nearly zero and phonon absorption cannot take pla
(tH2L→`).

For direct comparison with theory, the experimentall
determined scattering rates are plotted versus the phonon
cupation number in Fig. 4. We estimate an accuracy of625
fs in the determination of the scattering times, as indicat
by the error bars. The dotted line represents a linear
through the experimental values. The dashed line shows
result of a direct numerical calculation of the scattering rat
1/tH2L based on Eqs.~1!–~3!. For this calculation parabolic
in-plane-dispersion for both HH and LH subbands is a
sumed. The slope of the theoretical curve ismth516.9 ps21

and a linear fit through the experimental data points giv
mex513.7 ps21. Given our assumption of parabolic valenc
subbands, which is a rather crude approximation,14 the agree-
ment between data and the calculated scattering rates is q
satisfactory. Better quantitative agreement would require
full numerical treatment taking into account the precise di
persion of the HH and LH subbands.

FIG. 3. Time evolution of the transmission changes at the maximum of t
LH line after HH excitation at various temperatures. The short-dotted lin
represent numerical simulations of the experimental data.
2958 Appl. Phys. Lett., Vol. 68, No. 21, 20 May 1996
Downloaded¬03¬Dec¬2007¬to¬134.34.145.184.¬Redistribution¬subjec
es
e
at
-
he
es
qs.
y
–L

-
is
ce

y
oc-

ed
fit
the
es

s-

es
e

uite
a
s-

In conclusion, we present first direct measurements
intervalence band thermalization after optical excitation
cold heavy holes in a quantum well. This thermalization r
quires a scattering from heavy into light holes which tak
place on a subpicosecond time scale by absorption of
phonons. The experimental data are in very good agreem
with theoretical predictions.
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FIG. 4. Scattering rates versus LO-phonon occupation number. The do
line represents a fit to the experimental data and the dashed line the resu
a theoretical calculation.
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