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Carrier capture in ultrathin InAs ÕGaAs quantum wells

J. Brübach,* A. Yu. Silov, J. E. M. Haverkort, W. van der Vleuten, and J. H. Wolter
COBRA Interuniversity Research Institute, Eindhoven University of Technology, Department of Physics,

P.O. Box 513, 5600 MB Eindhoven, The Netherlands
~Received 21 December 1999!

The carrier capture into ultrathin InAs layers embedded in a GaAs matrix has been investigated by time-
resolved two-wavelength pump-probe phototransmission at 4.2 K. Using an InAs thickness of 1.2 monolayers,
we observe switching of the carrier relaxation from optical to acoustic phonon emission. At the light-hole~lh!
exciton transition we find a constant capture time of 20 ps. In contrast, the capture time decreases abruptly
from 50 ps to 22 ps within the heavy-hole~hh! exciton transition as the energy separation between lh and hh
states exceeds the threshold for GaAs LO phonon emission. The combination of both characteristics provides
strong evidence for a two-step capture process of the holes. First the holes are captured by the weakly confined
lh state and then they cool down to the hh state. We calculated the transient bleaching of the excitonic
absorption considering both phase-space filling and exciton screening. The calculations show in agreement
with the measurements that the phototransmission transients directly reflect the population of the confined InAs
states only at excitation densities below 33108 cm22. At larger excitation densities, the phototransmission rise
time becomes significantly smaller than the capture times whereas its decay time appears longer than the
carrier lifetime.
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I. INTRODUCTION

During recent years, great efforts have been directed
wards the investigation of the optical properties of mon
layer ~ML ! thick InAs layers embedded into a GaAs bu
matrix.1–4 One of the most striking optical properties of the
ultrathin InAs/GaAs quantum wells is the appearance o
strong photoluminescence~PL! line below the GaAs band
gap. This PL is well known to arise from the recombinati
of hh excitons bound to the InAs layer.5,6 The peak intensity
of the InAs PL was found to be higher than the excitonic
of the surrounding GaAs matrix7–9 by a factor 100–500 sug
gesting a very efficient carrier capture by the InAs layer.

For capture times in relatively thin heterostructures onl
few comparable values are available. Calculations fr
Brum and Bastard,10 based on their state-of-the-art quantu
mechanical capture model for electrons and holes, sho
capture time of 45 ps for a shallow 50-Å-wide GaAs qua
tum well with 500-mm Al0.18Ga0.82As barriers. A recent ad
aptation of their theory by Heller and Bastard11 for exciton
capture reveals capture times of less than 1.2 ps for a s
low, but 200-Å-wide GaAs/AlGaAs quantum well. Blom
et al.12 found an ambipolar capture time of 22 ps for a 2
Å-GaAs quantum well centered in a 1000-Å-wid
Al0.3Ga0.7As separate confinement heterostructure, and
cently capture times below 1 ps were reported in a 25
wide Bed-doped structure.13 For ultrathin InAs/GaAs quan
tum wells, the only published value for the carrier captu
time is an estimate of 20 ps from Brandtet al.14 based on the
ratio of the PL intensities of the InAs layer hh exciton tra
sition and the GaAs band-edge emission. Experimental
for the capture times in ultrathin InAs layers, however, a
still lacking.

In this work we present an experimental study of the c
rier capture in a single ultrathin InAs layer embedded in
GaAs matrix. The capture times were measured by tim
PRB 610163-1829/2000/61~24!/16833~8!/$15.00
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resolved two-wavelength pump-probe phototransmiss
The choice of an InAs layer thickness of 1.2 ML targeted t
interesting situation where the hh and lh states are both c
fined, and their difference in confinement energy amount
approximately one GaAs LO phonon. By measuring t
spectral dependence of the capture times in the vicinity
the hh and lh exciton transitions, we focused in particular
the role of the confined lh state in the capture process.
found a constant capture time of 20 ps at the lh exci
transition. In contrast, within the hh exciton transition t
capture time increased abruptly from 22 ps to 50 ps as s
as the hh-lh separation became smaller than the GaAs
phonon energy. This suggests that the carrier capture in
trathin InAs layers occurs in a two-step process with
confined lh level acting as an intermediate state.

When using phototransmission~PT! for the capture mea-
surements, one needs to clarify to what extent the obse
bleaching of the excitonic absorption reflects the true evo
tion of the confined states population. For that reason,
calculated the transient PT taking into account the contri
tions of both phase-space filling and exciton screening.
alistic values for the in-plane hh and lh effective masses w
obtained from the calculation of the in-plane dispersion
the 1.2-ML-thick InAs layer. The required exciton dime
sionalities and effective Bohr radii were derived from t
measured hh and lh exciton binding energies. Our calc
tions and experiments show in agreement that the trans
PT directly reflects the population in the confined states o
for excitation densities lower than 33108 cm22. In our cap-
ture experiments the excitation density was kept at
3108 cm22.

The paper is organized as follows. In Sec. II we discu
the sample growth, its characterization by PL and x-ray d
fraction, and the time-resolved two-wavelength pump-pro
phototransmission setup. The transient PT in ultrathin In
layers is calculated in Sec. III. There we also demonstrate
16 833 ©2000 The American Physical Society
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impact of nonlinearities in the bleaching as a function
excitation density on the correlation between the evolution
the population in the confined states and the transient P
observed in the experiments. The results for the carrier c
ture in ultrathin InAs layers are presented in Sec. IV. For
discussion of the capture times at the hh and lh exciton t
sitions we use rate equations as described in Appendix A
Appendix B we present a systematic parameter study of
capture and relaxation times substituted into the rate eq
tions.

II. EXPERIMENT

The sample under investigation was synthesized by c
ventional molecular beam epitaxy on CrO-doped se
insulating~001! GaAs substrate. After oxide desorption, t
layer sequence started with a 0.4-mm GaAs buffer layer, fol-
lowed by a 350-Å GaAs layer, within which the substra
temperature was lowered from 630 °C to 450 °C. At th
lower temperature the InAs layer, and subsequently 5 ML
GaAs were deposited. Before and after the InAs layer a
growth interruption was introduced. While growing the ne
565 Å of GaAs, the substrate temperature was returne
630 °C. Finally, the structure was capped with a 300
Al0.33Ga0.67As window and a 170-Å GaAs layer.

The thickness of the InAs layer was determined by hig
resolution x-ray diffraction in~004! geometry.15 From simu-
lations of the rocking curves based on the dynamical the
we found an InAs layer thickness of 1.260.1 ML, assuming
6.8% compressive strain. The x-ray study also revealed
more than 80% of the deposited InAs is confined within
single atomic plane.

The sample was characterized with standard PL meas
ments at 4.2 K. Below the GaAs band gap at 1.445 eV
strong PL line of the InAs hh exciton transition was o
served. The peak intensity ratio between the InAs hh exc
emission and the GaAs exciton at 1.515 eV was appro
mately 650, demonstrating the efficient trapping of carri
by the InAs layer.

The capture times were measured with picosecond ti
resolved two-wavelength pump-probe phototransmiss
which allows a direct spectral control of both the initial a
final states involved in the capture process. Moreover,
tuning the probe wavelength through the hh and lh exci
transitions, the relaxation of the captured holes within
InAs layer can be traced independently. The laser sys
consisted of two double jet dye lasers, which were synch
nously pumped by a frequency doubled Nd:YAG laser. T
excitation wavelength of the pump laser was fixed to 682
~1.818 eV! and its pulse width~FWHM! was better than 1 ps
For the generation of the probe pulses, a mixture of Styry
and Styryl 9 was used to provide a spectral tuneability fr
780 nm to 900 nm. Over the whole spectral range the pu
width was below 1.5 ps. To achieve a compromise betw
optimum spectral and temporal resolution in the capture
periments, both dye lasers were operated with single-p
birefringent filters, which provided a spectral resolution
0.8 meV. After the beams passed a variable delay line, t
were focused onto the sample in near backscattering ge
etry with the spot size of the probe beam being four tim
smaller than the pump beam. Consequently, the excita
f
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density can be assumed as homogenous and systemat
rors due to lateral carrier diffusion can be excluded. T
sample was mounted in a He flow cryostat and held by pa
frames to avoid any possible source of external strain.
modulating the pump beam, the induced transmission cha
was measured as a function of pump and probe delay ut
ing a conventional Si pin-diode and standard lock-in te
nique. During the experiments the cross correlation of pu
and probe beams, which marks the position of zero delay
whose temporal width equals to the time resolution of
setup, was monitored. Due to remaining jitter of the pum
and probe beams the FWHM of the cross correlation w
limited to 2 ps. Finally, the intensity ratio between pump a
probe beam was kept below 50.

III. ESTIMATES FOR THE LINEAR RANGE
OF THE PHOTOTRANSMISSION

The most common criticism with respect to the interp
tation of carrier capture experiments is the query over
extent to which the measured transients directly reflect
evolution of the population in the states associated with
optical transition. When using time-resolved PT, the evo
tion of the population in the confined states of the InAs lay
is transformed into the PT transients through the reductio
exciton oscillator strength as a function of excitation dens
Depending on the dominating bleaching mechanism, the
crease in excitonic absorption might have a strong nonlin
dependence on the carrier concentration, altering the
served rise and decay times with respect to the capture
recombination times of the true population. In addition, t
amount of bleaching differs for hh and lh excitons due
their different in-plane effective masses. It is thus importa
to find a model that correlates the temporal evolution of
population in the confined states with the transient PT of
associated excitonic states or, alternatively, experime
conditions where the measured PT transients directly refl
the population.

Experimentally, rise and decay times of the population
conserved in the PT transient for excitation densities, wh
provide a linear change in the magnitude of the PT. Fig
1~a! displays the PT transients at the peak position of the
exciton transition at 1.451 eV, measured at different exc
tion densities, and Fig. 1~b! shows the magnitude of the P
observed in the maximum of the transient as a function
excitation density. The solid line in Fig. 1~b! represents the
calculations of the transient PT discussed below. As can
seen from Fig. 1~b!, for excitation densities of up to 3
3108 cm22 the magnitude of the PT increases almost p
portionally with the excitation density, and consequently t
PT transients in Fig. 1~a! exhibit virtually the same rise and
decay times. In contrast, at excitation densities larger t
109 cm22 the magnitude of the PT significantly starts to sa
rate. At these excitation densities the PT transients sho
slightly diminished rise time whereas the decay time appe
to increase. For the largest excitation density of
31010cm22 the maximum of the transient evolves into
broad plateau. It can be concluded from these measurem
that the PT transients in the investigated InAs layer direc
reflect the population in the confined states only for exc
tion densities up to 33108 cm22.



io
o
s
fo
ei
g
on
te

e-

an
a

n

o

V
in
LE

lh
r

g

ve a

d

se-
i-

tron-
rel-
tion,

eter

PT
n-

for
the

er
d
ac-

we

ond

g
as

ve

ed

ion-
ng
al
erse
-

re
fo

xi
di

PRB 61 16 835CARRIER CAPTURE IN ULTRATHIN InAs/GaAs . . .
For a theoretical treatment of the observed PT behav
we assume that the insertion of an InAs monolayer int
GaAs matrix introduces single electron, hh, and lh state
the GaAs band gap. The confined states give rise to the
mation of hh and lh excitons bound to the InAs, and th
population by photogenerated carriers leads to a bleachin
the excitonic absorption. The in-plane dispersion of the c
fined hh and lh states of the InAs layer can be calcula
within the framework of thed-potential model by a two-band
Luttinger Hamiltonian in a spherical approximation d
scribed elsewhere.16 We find that forki values of up to the
same order as the inverse exciton Bohr radii the in-pl
dispersion of the hh and lh states can be described in p
bolic approximation with an effective mass ofmi ,hh* 50.155
3m0 for the hh states andmi , lh* 50.3623m0 for the lh states.
The hh and lh effective masses in growth direction are fou
to be mhh* 5m0 /(g122g2)50.37743m0 and mlh* 5m0 /(g1

12g2)50.09053m0 , with the Luttinger parametersg1 and
g2 fixed to the values of the GaAs barrier.

The hh and lh exciton binding energies in the absence
photogenerated carriers are calculated within the framew
of the zero-radius potential model.17,3 For a 1.2-ML-thick

FIG. 1. ~a!. Normalized phototransmission transients measu
at the peak position of the hh exciton transition at 1.451 eV
different excitation densities.~b!. Measured~symbols! and calcu-
lated ~solid line! magnitude of the phototransmission at the ma
mum of the transient as a function of excitation density. The in
vidual contribution of phase-space filling~PSF! is indicated by the
dotted line.
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InAs layer one finds an exciton binding energy of 11 me
for the hh exciton and 6 meV for the lh exciton. This is
agreement with our experimental results, obtained from P
and temperature-dependent PL measurements,16 of 10 meV
for the hh exciton binding energy and 5.5 meV for the
exciton binding energy. For the dimensionality parameteD
of the excitons, defined byEx54D3R* , whereR* denotes
the Rydberg energy andEx the measured exciton bindin
energy, we findD50.66 for the hh excitons andD50.30 for
the lh excitons. This demonstrates that the hh excitons ha
2D character, whereas the lh excitons are 3D. Finally, the
Bohr radiusa* of the hh and lh exciton amounts to 90 Å an
115 Å, respectively.

The bleaching of the excitonic absorption due to pha
space filling18 increases strictly linear as a function of exc
tation densityN, for N<Ns . The saturation parameter 1/Ns
represents an area occupied by a photogenerated elec
hole pair, which cannot sustain more excitons. For the
evant case of a nondegenerate electron-hole popula
which is distributed within the LO phonon energy\vLO
above the GaAs band edges, the saturation param
amounts to 1/Ns58pa* 2Ex /\vLO . For the hh excitonsNs
can be estimated with 1.731011cm22. If phase-space filling
would be the only bleaching mechanism, the measured
transients should directly reflect the population in the co
fined InAs states for excitation densities up to this value
Ns . Our excitation density-dependent measurements of
PT, however, shown in Figs. 1~a! and 1~b!, already exhibit a
deviation from linear behavior for excitation densities larg
than 33108 cm22. This behavior can only be explaine
when screening of the Coulomb interaction is taken into
count.

To correct for the effect of screening on the bleaching
use the potential19

Vs~r !52
e2

4««0r H 12
1

2pks
@H0~ksr !2J0~ksr !#J , ~1!

whereks denotes the inverse screening length, andH0 and
J0 are the Struve function and Bessel function of the sec
kind, respectively. For distancesr !ks

21 this potential be-
haves like a Coulomb potential, whereas forr @ks

21 it falls
off as r 23. Following Ref. 20, the change in exciton bindin
energy and oscillator strength of the hh and lh excitons w
calculated in a variational approach. Using a trial wa
function for the exciton ground statecx(r )5l/A2p
3exp(2lr/2), the energy expectation value was minimiz
with respect to the variational parameterl. The exciton bind-
ing energies were subsequently corrected by the dimens
ality parameter in order to match the results for the limiti
caseN→0 with Ex as found by the zero-radius potenti
model in the absence of photogenerated carriers. The inv
screening length entering Eq.~1! was obtained from the De
bye model for 2D semiconductors20,21 as

ks5
2

a* H mi ,e*

m i*
@12exp~2nep\2/mi ,e* kBT!#

1
mi ,h*

m i*
@12exp~2php\2/mi ,h* kBT!#J , ~2!

d
r

-
-
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wherene andph denote the carrier concentrations andm i* is
the reduced in-plane effective mass. As can be seen from
~2!, the inverse screening length for both hh and lh excito
increases linearly up to excitation densities of approxima
53108 cm22. In this range the inverse screening length b
comes independent on the effective masses, i.e., the co
butions to screening from captured electrons and holes
equal. For larger excitation densities the inverse screen
length starts to deviate from linear behavior, and at
31010cm22 it reaches the saturation limit ofks

52/a* @(mi ,e* 1mi ,h* )/m i* #. In the nonlinear regime ofks the
individual contributions of captured electrons and holes
the screening diverge with the result that the PT becom
more sensitive to the electron capture than to the capture
hole. In the regime where screening becomes density in
pendent, the exciton binding energy saturates at a valu
0.563R* , as predicted by random-phase approximation22

reflecting the persistence of the two-dimensional (2D) ex
ton ground state even at high carrier concentrations.23

The calculations of the PT incorporating both phase-sp
filling and exciton screening are displayed in Figs. 1~b! and
2, respectively. To facilitate direct comparison with the e
periments, the calculations were performed at the peak p
tion of the hh exciton transition. The solid lines in Fig. 1~b!
represent the calculated PT in the maximum of the trans
as a function of excitation density. Calculations and m
surements show in agreement that up to 33108 cm22 the
bleaching increases almost linearly with excitation dens
but starts to saturate at higher densities. This nonlinear
havior is caused by saturation of the inverse screening le
suggesting that the bleaching results predominantly from
citon screening. It can be seen from Fig. 1~b! that at excita-
tion densities below 109 cm22 the contribution from phase
space filling is 2–4 times smaller than the contribution fro
exciton screening. This is in agreement with the work
Snelling et al.,24 who found that for excitation densitiesN
,Nc5m* \vLO /\2, the reduction of the exciton oscillato
strength due to phase-space filling is a factor of 2 sma
than due to exciton screening. In ultrathin InAs layersNc can
be estimated as 2.431010cm22.

The nonlinearities due to the dominance of screening a
become obvious in the calculations of the PT transients
different excitation densities, as shown in Fig. 2. For elect
and hole concentrations of up to 33108 cm22 rise and decay
times of the transient PT and the population are virtua
identical, thus reflecting the linear dependence of the blea
ing on excitation density. At excitation densities larger th
1010cm22, a plateau rather than a sharp maximum starts
emerge in the transient PT at time delays where the
reaches its maximum. This plateau indicates that the sat
tion level of the inverse screening length and the exci
binding energy has been reached, where a further increa
the carrier density does not lead to a further bleaching of
absorption. At these high excitation densities, the rise time
the transient PT becomes significantly shorter than the
time of the population, whereas the decay time of the
transient appears to be increased. For this reason, lifet
would be substantially overestimated, and capture tim
would be determined as too short if the screening contri
tion to the bleaching is not considered.
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IV. RESULTS AND DISCUSSION
OF THE CARRIER CAPTURE

The carrier capture measurements at the hh and lh exc
transition of the InAs layer were performed at a fixed ex
tation density of 23108 cm22. The pump wavelength wa
set above the GaAs band gap to 1.818 eV. Figure 3 disp
the PT transients in the vicinity of the lh@Fig. 3~a!# and hh
@Fig. 3~b!# exciton transitions. For the measurements in
vicinity of the lh exciton transition the probe wavelength w
tuned from the high-energy side of the lh transition at 1.4
eV to its low-energy side at 1.484 eV. As can be seen in F
3~a!, both transients exhibit the same capture time of
62 ps, but the decay time is 200 ps shorter at 1.492 eV
the vicinity of the hh exciton transition the opposite behav
is observed. With the probe wavelength tuned to the lo
energy side of the hh exciton transition at 1.445 eV, we fi
a capture time of 2262 ps. In contrast, the capture time in
creases to 5062 ps at the high-energy side of the hh excit
transition at 1.458 eV, but both transients show the sa
decay time.

Figure 4 summarizes the results for the capture tim
when tuning the probe wavelength through the hh and
exciton transitions. Within the lh exciton transition we find
constant capture time of 20 ps. This is surprisingly short
such a thin layer, which provides a confinement potential
the length scale of the lattice constant. In contrast, within
hh exciton transition, an abrupt increase of the capture t
from 22 ps to 50 ps is observed. The line shape of the
spectra indicates that one observes only a bleaching of
excitonic absorption but no noticeable broadening or shift
the excitonic resonances. The latter is explained by the
that the reduction of the exciton binding energy due
screening is compensated by band-gap renormalization25–27

resulting from a change of the single particle states un
photoexcitation.

To explain the observed increase by more than a facto
2 of the capture time within the hh exciton transition, t
gether with the constant capture time at the lh exciton tr
sition, we describe the population of the confined states

FIG. 2. Calculated phototransmission transients at the peak
sition of the hh exciton transition for different excitation densiti
~solid lines!. For comparison, the transient of the populationN(t),
which scales with the excitation density, is shown~dotted line!. For
excitation densities<33108 cm22 the phototransmission transien
directly reflect the population within 5% accuracy.
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PRB 61 16 837CARRIER CAPTURE IN ULTRATHIN InAs/GaAs . . .
coupled rate equations~see Appendix A!. The electron, hh,
and lh states are populated by a direct capture from the G
barrier, expressed by the time constants for direct cap
tcap

e , tcap
hh and tcap

lh , respectively. The depopulation of the

FIG. 3. Measured transient phototransmission in the vicinity
the lh exciton~top! and hh exciton transition~bottom!. The probe
beam was tuned from the high-energy side of the excitonic tra
tions ~solid line! to the low-energy side~dotted line!.

FIG. 4. Measured phototransmission rise times~j! in the vicin-
ity of the hh and lh exciton transitions. The solid lines are a guide
the eye. Within the lh exciton transition a constant rise time of 20
is observed. At the hh exciton transition the rise time increa
abruptly from 22 ps at the low-energy side to 50 ps at the hi
energy side. The dotted lines and the symbols~m! indicate the
phototransmission spectrum.
As
re

states occurs via band-band recombination. In addition,
assume that a population of the hh level and a depopula
of the lh level can occur via intersubband relaxation from
lh state to the hh state characterized byt relax

lh2hh. This approach
is motivated by the results for the carrier capture10,28 and
intersubband relaxation29 in GaAs quantum wells. The cap
ture rates to the ground state are highest when the confi
potential of the quantum well provides a bound state clos
the barrier continuum and when the relaxation to the grou
state can occur rapidly via LO phonon emission. In ultrath
InAs layers the situation is similar. The insertion of a 1.
ML-thick InAs layer in a GaAs matrix leads to a confined
state only 4.5 meV below the GaAs continuum, whereas
effective confinement energy of the hh state amounts to
meV.16 Thus, the energy separation between hh and lh s
bands amounts to approximately the GaAs LO phonon
ergy of 36 meV. As the wave functions of the confined InA
layer states extendentirely into the GaAs matrix, the captur
process and the intersubband relaxation are well describe
assuming GaAs bulk phonons. Both properties should g
rise to a fast relaxation of carriers from a lh level to a
level by LO phonon emission29,30within less than 1–2 ps. In
contrast, when the hh-lh level separation becomes sma
than the LO phonon energy,t relax

lh2hh should increase to severa
tens of picoseconds.31–33

In order to demonstrate that a change oft relax
lh2hh from 1–2

ps to several tens of picoseconds is responsible for the
served increase of the capture time within hh exciton tran
tion, we performed a systematic study of the parameters
tering the rate equations~see Appendix B!. This is necessary
because rise and decay times of the populationsphh(t) and
plh(t) are determined by a combination of the individual ho
capture times to the hh and lh level, the relaxation time
intersubband relaxation from the lh to the hh level, and
band-band recombination time. Changes in the electron c
ture time were not considered in this parameter study. Si
the InAs layer provides only a single bound electron sta
alterations oftcap

e would change the capture times at the
and lh exciton transition in the same way.

Calculation of the PT transients at the hh and lh exci
transitions@see Figs. 5~a!–5~d! and Figs. 6~a!–6~d!# reveals
the following conclusions.

~i! The rise time of the lh PT transient is completely i
sensitive to any changes of the time constant for a dir
capture of holes to the confined hh leveltcap

hh and the inter-
subband relaxation timet relax

lh2hh. Therefore, the measured ris
time of the PT transient at the lh exciton transition direc
yields a capture time to the lh level of 20 ps.

~ii ! With this value known, only an increase of the inte
subband relaxation time from 2 ps to 55 ps, combined wit
negligible direct capture by the hh level@see Fig. 5~b! and
Fig. 6~b!#, results in an increase of the PT rise time at the
exciton transition from 22 ps to 50 ps accompanied by
decrease of lh transient decay time and a constant hh t
sient decay time.

At the low-energy side of the hh exciton transition, th
associated hh states are populated within less than 2 ps
fast relaxation of holes from the lh states via emission
GaAs LO phonons. This finding is agreement with expe
mental and theoretical studies of the intersubband relaxa
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in GaAs/AlGaAs quantum wells, which revealed relaxati
times as short as 160 fs to 2 ps when the subband spli
became larger than the threshold energy for LO pho
emission.29,30 In our case, the fast relaxation via GaA
phonons rather than InAs phonons is explained by the
that the GaAs phonon modes are only weakly perturbated
the thin InAs layer and that the wave functions of the co
fined hh and lh states extend entirely into the GaAs mat
This has previously been demonstrated in resonant lumi
cence experiments34,35 on a sample similar to that used
this study.

At the high-energy side of the hh exciton transition t
relaxation of holes from lh to hh levels is slowed down
more than 50 ps, but the direct capture of holes by the
states is still not significant. The slower relaxation time
consistent with the energy separation between lh states
these hh states being smaller than the threshold energ
LO phonon emission. In such a case relaxation occurs v
cascade of acoustic phonons31–33with relaxation times larger
than 40 ps. We therefore conclude, that a change in the
laxation mechanism from LO phonon emission to an aco
tic phonon cascade, at the threshold energy of 36 meV
sufficient to explain the observed sudden increase of the
transient rise time accompanied by the decrease of th
transient decay time and a constant decay time of the
transient.

The efficient capture of holes by the confined lh state, a
the relative unimportance of a direct capture by the confi
hh state, can be understood as follows: assuming the cap
process to take place between an initial three-dimensio
and a final two-dimensional state by the emission of a
phonon, the capture probability increases with the bar
penetration length and the density of states of the confi
InAs layer states. For the 1.2-ML-thick InAs layer, the 4.
meV effective confinement energy of the lh yields a lh b
rier penetration length of 120 Å, whereas the barrier pene

FIG. 5. Calculated transient phototransmission at the hh exc
transition according to the parameters study in Appendix B. T
capture and relaxation times used in the calculations are give
the figure. The comparison of~a!–~d! reveals that only a negligible
direct capture of holes to the confined hh state accompanied w
change of the relaxation time from 2 ps to 55 ps leads to an incr
of the phototransmission rise time from 22 ps to 50 ps.
g
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h
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-
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tion length of the hh amounts to only 25 Å. In addition, th
lh level possesses a larger in-plane effective mass than th
level leading to a more than two times larger density of sta
for the lh. The efficient capture to the lh state results from
large barrier penetration length and its in-plane effect
mass being the largest among all three confined states
turn, the capture probability for the hh state is more than
times smaller than that for the lh level. Since the effective
confinement energy exceeds the LO phonon energy, tra
tions from a GaAs barrier state to the hh level can only oc
at large final-state momentum values, which further redu
the capture probability.

V. CONCLUSIONS

In conclusion, we have shown that in the investigat
ultrathin InAs layer the hole capture occurs as a two-s
process where the confined lh level acts as an intermed
capture state. After the arrival of the pump pulse and rel
ation of the carriers within the GaAs barrier, the holes a
captured by the lh state. It is important for the subsequ
cooling whether the energy separation between the lh s
and an unoccupied hh state is smaller or larger than the G
LO phonon energy. For an energy separation larger than
meV, cooling to the hh level occurs within 2 ps under t
emission of LO phonons. This leads to a capture time
short as 20 ps at the low-energy side of the hh exciton tr
sition. As the energy separation decreases, however, coo
involves acoustic phonons and slows down to 50 ps. In
structure the hh and lh exciton transitions exhibit an ene
separation of approximately one LO phonon. Thus, a sm
spectral detuning of the probe wavelength towards hig
energies within the hh exciton transition leads to the o
served sudden increase of the capture time.
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APPENDIX A: COUPLED RATE EQUATIONS

Assuming that, within the time resolution of the expe
ments, the photogenerated carriers are relaxed to wi
\vLO above the GaAs band edges, the temporal genera
function can be approximated by ad function. The temporal
evolution of the electron and hole population in the Ga
barriernb(t) and pb(t), respectively, can then be describ
by

dnb

dt
5n03d~ t !2

nb

t rec
GaAs2

nb

tcap
c , ~A1!

dpb

dt
5p03d~ t !2

pb

t rec
GaAs2

pb

tcap
lh 2

pb

tcap
hh , ~A2!

wheren0 ,p0 denote the number of electrons and holes i
tially pumped into the barrier. Using this approach, an alt
ation of the capture rates to the confined InAs states, du
further thermalization of carriers in the barrier, is exclude
As a depopulation mechanism for the barrier states, we c
sider ordinary band-band recombination (t rec

GaAs) and the di-
rect capture of electrons and holes to the confined elect
hh, and lh states of the InAs layer, expressed by the cap
timestcap

e , tcap
lh andtcap

hh , respectively. For the confined ele
tron, hh, and lh states of the InAs layer the rate equations
be derived in a similar way as

dn

dt
5

nb

tcap
e 2

n

t rec
e2hh2

n

t rec
e2 lh , ~A3!

dphh

dt
5

pb

tcap
hh 1

plh

t relax
lh2hh2

phh

t rec
e2hh, ~A4!

dplh

dt
5

pb

tcap
lh 2

plh

t relax
lb2hh2

plh

t rec
e2 lh . ~A5!

All three subbands are populated by the direct capture
electron and holes, whereas the depopulation occurs
band-band recombination, which may differ for hh’s (t rec

e2hh)
and lh’s (t rec

e-lh). In addition, the hh level can be populated
relaxation of holes from the lh states, taking place within
intersubband relaxation timet relax

lh2hh.

APPENDIX B: PARAMETER STUDY

In the parameter study oftcap
hh and t relax

lh2hh one must con-
sider the following four cases, which are related to the
served sudden increase of the capture time at the hh ex
transition.
d
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~i! Direct hole capture by the hh and lh levels, but neg
gible relaxation from the lh level to the hh level. Assuming
constant electron capture time, the increase of the PT
time within the hh exciton transition would then origina
from an increase oftcap

hh from 20 ps to more than 50 ps withi
a 10-meV change in the hh effective confinement ener
The calculated PT transients at the hh and lh exciton tra
tion for this case are displayed in Fig. 5~a! and Fig. 6~a!,
respectively. The increase oftcap

hh would be motivated by a
capture time oscillating as a function of effective confin
ment energy, as in the case of usual quantum wells before
well provides the next confined state.10,16

~ii ! Direct capture of holes to the confined lh level, b
negligible direct capture of holes to the hh level, accom
nied with a change in the hole intersubband relaxation ti
from 2 ps to 55 ps. The calculated PT for this case is given
Fig. 5~b! and Fig. 6~b!. The drastic change in relaxation tim
is a consequence of the change in relaxation mechan
from GaAs LO phonon emission to an acoustic phonon c
cade.

~iii ! Direct capture of holes to the confined hh and
levels, wheretcap

hh increases from 20 ps to more than 50
towards the high-energy side of the hh exciton transiti
combined with a fast carrier relaxation by LO phonon em
sion with t relax

lh2hh<2 ps @see Figs. 5~c! and 6~c!#.
~iv! Direct capture of holes to the confined hh and

levels, wheretcap
hh increases from 20 ps to more than 50 ps

the high-energy side of the hh exciton transition, combin
with a slow carrier relaxation via acoustic phonon emiss
with t relax

lh2hh>50 ps@see Fig. 5~d! and Fig. 6~d!#. Comparison
between~iii ! and ~iv! also treats the case that holes are c
tured by the hh level as fast as by the lh level (tcap

hh 'tcap
lh

520 ps!, and that the relaxation mechanism changes fr
LO phonon emission to an acoustic phonon cascade.

The PT transients were calculated with a recombinat
lifetime of 485 ps as found in previous time-correlat
single-photon counting experiments.35 For tcap

e and tcap
lh we

used 20 ps, as found in the vicinity of the lh exciton tran
tion. The comparison of Fig. 5 and Fig. 6 shows that for t
hh PT transients, there are only two cases that lead
significant increase of its rise time. In the first case, the
rise time increases from 20 ps to 35 ps whentcap

hh increases
from 20 ps to 55 ps combined with an increase of the lh to
level relaxation time from 2 ps to 55 ps@see Figs. 5~c! and
5~d!#. This, however, leads to equal decay times in the
transients of the lh exciton@see Figs. 6~c! and 6~d!#. In the
second case, direct capture of holes to the hh level is
sumed to be absent. From Fig. 6~b!, it can be seen that the
increase in the hh PT rise time is then accompanied b
decrease of the lh transient decay time, as observed in
experiments.
.
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hoven, The Netherlands.
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