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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 liglitahnole
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-hdleh) exciton transition as the energy separation between Ih 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
Ih 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 80° cm 2. 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.

[. INTRODUCTION resolved two-wavelength pump-probe phototransmission.
The choice of an InAs layer thickness of 1.2 ML targeted the
During recent years, great efforts have been directed tanteresting situation where the hh and lh states are both con-
wards the investigation of the optical properties of mono-fined, and their difference in confinement energy amounts to
layer (ML) thick InAs layers embedded into a GaAs bulk approximately one GaAs LO phonon. By measuring the
matrix1~* One of the most striking optical properties of thesespectral dependence of the capture times in the vicinity of
ultrathin InAs/GaAs quantum wells is the appearance of ahe hh and lh exciton transitions, we focused in particular on
strong photoluminescenadl) line below the GaAs band the role of the confined |h state in the capture process. We
gap. This PL is well known to arise from the recombinationfound a constant capture time of 20 ps at the |h exciton
of hh excitons bound to the InAs laygf. The peak intensity transition. In contrast, within the hh exciton transition the
of the InAs PL was found to be higher than the excitonic PLcapture time increased abruptly from 22 ps to 50 ps as soon
of the surrounding GaAs matrix’ by a factor 100-500 sug- as the hh-lh separation became smaller than the GaAs LO
gesting a very efficient carrier capture by the InAs layer. phonon energy. This suggests that the carrier capture in ul-
For capture times in relatively thin heterostructures only arathin InAs layers occurs in a two-step process with the
few comparable values are available. Calculations frontonfined Ih level acting as an intermediate state.
Brum and Bastard® based on their state-of-the-art quantum- ~When using phototransmissidRT) for the capture mea-
mechanical capture model for electrons and holes, show surements, one needs to clarify to what extent the observed
capture time of 45 ps for a shallow 50-A-wide GaAs quan-bleaching of the excitonic absorption reflects the true evolu-
tum well with 500-mm A} ;{Ga, g/As barriers. A recent ad- tion of the confined states population. For that reason, we
aptation of their theory by Heller and Bast&rdor exciton  calculated the transient PT taking into account the contribu-
capture reveals capture times of less than 1.2 ps for a shaions of both phase-space filling and exciton screening. Re-
low, but 200-A-wide GaAs/AlGaAs quantum well. Blom alistic values for the in-plane hh and Ih effective masses were
et al!? found an ambipolar capture time of 22 ps for a 26-obtained from the calculation of the in-plane dispersion in
A-GaAs quantum well centered in a 1000-A-wide the 1.2-ML-thick InAs layer. The required exciton dimen-
Al sGa, -As separate confinement heterostructure, and resionalities and effective Bohr radii were derived from the
cently capture times below 1 ps were reported in a 25-Ameasured hh and Ih exciton binding energies. Our calcula-
wide Be s-doped structuré® For ultrathin InAs/GaAs quan- tions and experiments show in agreement that the transient
tum wells, the only published value for the carrier capturePT directly reflects the population in the confined states only
time is an estimate of 20 ps from Brareital }* based on the for excitation densities lower thanx310° cm™2. In our cap-
ratio of the PL intensities of the InAs layer hh exciton tran-ture experiments the excitation density was kept at 2
sition and the GaAs band-edge emission. Experimental data 10° cm 2.
for the capture times in ultrathin InAs layers, however, are The paper is organized as follows. In Sec. Il we discuss
still lacking. the sample growth, its characterization by PL and x-ray dif-
In this work we present an experimental study of the car{raction, and the time-resolved two-wavelength pump-probe
rier capture in a single ultrathin InAs layer embedded in aphototransmission setup. The transient PT in ultrathin InAs
GaAs matrix. The capture times were measured by timelayers is calculated in Sec. Ill. There we also demonstrate the
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impact of nonlinearities in the bleaching as a function ofdensity can be assumed as homogenous and systematic er-
excitation density on the correlation between the evolution ofors due to lateral carrier diffusion can be excluded. The
the population in the confined states and the transient PT aample was mounted in a He flow cryostat and held by paper
observed in the experiments. The results for the carrier cagrames to avoid any possible source of external strain. By
ture in ultrathin InAs layers are presented in Sec. IV. For themodulating the pump beam, the induced transmission change
discussion of the capture times at the hh and lh exciton tranwas measured as a function of pump and probe delay utiliz-
sitions we use rate equations as described in Appendix A. ling a conventional Si pin-diode and standard lock-in tech-
Appendix B we present a systematic parameter study of thaique. During the experiments the cross correlation of pump
capture and relaxation times substituted into the rate equand probe beams, which marks the position of zero delay and
tions. whose temporal width equals to the time resolution of the
setup, was monitored. Due to remaining jitter of the pump
and probe beams the FWHM of the cross correlation was
Il. EXPERIMENT limited to 2 ps. Finally, the intensity ratio between pump and

The sample under investigation was synthesized by cor2r0P€ beam was kept below 50.
ventional molecular beam epitaxy on CrO-doped semi-
insulating(001) GaAs sub_strate. After oxide desorption, the IIl. ESTIMATES FOR THE LINEAR RANGE
layer sequence started with a le.GgAs b_uffer layer, fol- OF THE PHOTOTRANSMISSION
lowed by a 350-A GaAs layer, within which the substrate
temperature was lowered from 630°C to 450°C. At this The most common criticism with respect to the interpre-
lower temperature the InAs layer, and subsequently 5 ML ofation of carrier capture experiments is the query over the
GaAs were deposited. Before and after the InAs layer a 1-extent to which the measured transients directly reflect the
growth interruption was introduced. While growing the nextevolution of the population in the states associated with the
565 A of GaAs, the substrate temperature was returned toptical transition. When using time-resolved PT, the evolu-
630°C. Finally, the structure was capped with a 300-Ation of the population in the confined states of the InAs layer
Al 3Ga ¢As window and a 170-A GaAs layer. is transformed into the PT transients through the reduction in
The thickness of the InAs layer was determined by high-exciton oscillator strength as a function of excitation density.
resolution x-ray diffraction if004) geometry*® From simu-  Depending on the dominating bleaching mechanism, the de-
lations of the rocking curves based on the dynamical theorgrease in excitonic absorption might have a strong nonlinear
we found an InAs layer thickness of 8.1 ML, assuming dependence on the carrier concentration, altering the ob-
6.8% compressive strain. The x-ray study also revealed thaerved rise and decay times with respect to the capture and
more than 80% of the deposited InAs is confined within arecombination times of the true population. In addition, the
single atomic plane. amount of bleaching differs for hh and Ih excitons due to
The sample was characterized with standard PL measurdaeir different in-plane effective masses. It is thus important
ments at 4.2 K. Below the GaAs band gap at 1.445 eV théo find a model that correlates the temporal evolution of the
strong PL line of the InAs hh exciton transition was ob- population in the confined states with the transient PT of the
served. The peak intensity ratio between the InAs hh excito@ssociated excitonic states or, alternatively, experimental
emission and the GaAs exciton at 1.515 eV was approxiconditions where the measured PT transients directly reflect
mately 650, demonstrating the efficient trapping of carrierghe population.
by the InAs layer. Experimentally, rise and decay times of the population are
The capture times were measured with picosecond timesonserved in the PT transient for excitation densities, which
resolved two-wavelength pump-probe phototransmissionprovide a linear change in the magnitude of the PT. Figure
which allows a direct spectral control of both the initial and 1(a) displays the PT transients at the peak position of the hh
final states involved in the capture process. Moreover, byxciton transition at 1.451 eV, measured at different excita-
tuning the probe wavelength through the hh and Ih excitorfion densities, and Fig.(th) shows the magnitude of the PT
transitions, the relaxation of the captured holes within theobserved in the maximum of the transient as a function of
InAs layer can be traced independently. The laser systeraxcitation density. The solid line in Fig(ld) represents the
consisted of two double jet dye lasers, which were synchroealculations of the transient PT discussed below. As can be
nously pumped by a frequency doubled Nd:YAG laser. Theseen from Fig. (b), for excitation densities of up to 3
excitation wavelength of the pump laser was fixed to 682 nmx 10° cm™2 the magnitude of the PT increases almost pro-
(1.818 eV and its pulse widtiFWHM) was better than 1 ps. portionally with the excitation density, and consequently the
For the generation of the probe pulses, a mixture of Styryl 8T transients in Fig. (&) exhibit virtually the same rise and
and Styryl 9 was used to provide a spectral tuneability frondecay times. In contrast, at excitation densities larger than
780 nm to 900 nm. Over the whole spectral range the puls&0’ cm™~2 the magnitude of the PT significantly starts to satu-
width was below 1.5 ps. To achieve a compromise betweerate. At these excitation densities the PT transients show a
optimum spectral and temporal resolution in the capture exslightly diminished rise time whereas the decay time appears
periments, both dye lasers were operated with single-plat® increase. For the largest excitation density of 7
birefringent filters, which provided a spectral resolution of X 10'°cm ™2 the maximum of the transient evolves into a
0.8 meV. After the beams passed a variable delay line, thelgroad plateau. It can be concluded from these measurements
were focused onto the sample in near backscattering georthat the PT transients in the investigated InAs layer directly
etry with the spot size of the probe beam being four timegeflect the population in the confined states only for excita-

smaller than the pump beam. Consequently, the excitatiotion densities up to 10%cm 2.
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InAs layer one finds an exciton binding energy of 11 meV
for the hh exciton and 6 meV for the Ih exciton. This is in
agreement with our experimental results, obtained from PLE
and temperature-dependent PL measurent&nif 10 meV
for the hh exciton binding energy and 5.5 meV for the Ih
exciton binding energy. For the dimensionality paramé&ter
of the excitons, defined b, =4D X R*, whereR* denotes
the Rydberg energy anH, the measured exciton binding
energy, we find =0.66 for the hh excitons arid= 0.30 for
the lh excitons. This demonstrates that the hh excitons have a
2D character, whereas the Ih excitons a@. Finally, the
o W . . . 0 . 0 L Bohr radiusa* of the hh and Ih exciton amounts to 90 A and
0 100 200 300 400 500 115 A, respectively.
(a) Time delay (ps) The bleaching of the excitonic absorption due to phase-
space fillind® increases strictly linear as a function of exci-
10 tation densityN, for N<Ng. The saturation parameterNy
42K represents an area occupied by a photogenerated electron-
hh-exciton: 1.451 eV hole pair, which cannot sustain more excitons. For the rel-
evant case of a nondegenerate electron-hole population,
which is distributed within the LO phonon enerdyw, o
above the GaAs band edges, the saturation parameter
amounts to M=8ma*°E,/fw . For the hh excitondlg
can be estimated with 2:710'*cm™2. If phase-space filling
would be the only bleaching mechanism, the measured PT
transients should directly reflect the population in the con-
fined InAs states for excitation densities up to this value for
/ Ng. Our excitation density-dependent measurements of the
10 e L PT, however, shown in Figs(d) and 1b), already exhibit a
107 10° 10° 10" deviation from linear behavior for excitation densities larger
than 3x10fcm 2. This behavior can only be explained
(b) Excitation density (cm™) when screening of the Coulomb interaction is taken into ac-

normalized phototransmission

102 ¢ model including
screening

102 |

phototransmission AT/T

FIG. 1. (a). Normalized phototransmission transients measureocoum' . .
at the peak position of the hh exciton transition at 1.451 eV for To correct er the effect of screening on the bleaching we
different excitation densitiesh). Measured(symbolg and calcu-  US€ the potential
lated (solid line) magnitude of the phototransmission at the maxi-
mum of the transient as a function of excitation density. The indi-
vidual contribution of phase-space fillif@SH is indicated by the
dotted line.
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_ ~ where k¢ denotes the inverse screening length, &hdand
For a theoretical treatment of the observed PT behavior, are the Struve function and Bessel function of the second

we assume that the insertion of an InAs monolayer into &jnd, respectively. For distances< ks * this potential be-
GaAs matrix introduces single electron, hh, and |h states ipaves like a Coulomb potential, whereas f&r «_ * it falls
! S

the GaAs band gap. The confined states give rise to the fofs o -
mation of hh and Ih excitons bound to the InAs, and theirgne gy and oscillator strength of the hh and Ih excitons was
population by photogenerated carriers leads to a bleaching ot jated in a variational approach. Using a trial wave

the excitonic absorption. The in-plane dispersion of the CONt nction for the exciton ground statey (r):}\/m

. X

f'r.]tiq TE a}nd Ih sta&esf tohf e;he tlnA;; Ilayecri Clin b? CaEUI%teQ< exp(—Ar/2), the energy expectation value was minimized

within the framework o potential model by a two-band -, ;, respect to the variational paramekerThe exciton bind-

Luttinger Hamiltonian in a spherical approximation de- . ; . .
. . ing energies were subsequently corrected by the dimension-
scribed elsewher€. We find that fork, values of up to the ality parameter in order to match the results for the limiting

same order as the inverse exciton Bohr radii the in-plane. <.\ o with E. as found by the zero-radius potential
X

3. Following Ref. 20, the change in exciton binding

bolic approximation with an effective mass of ,,=0.155 screening length entering E(L) was obtained from the De-
Xmy for the hh states anahj ;,=0.362x mj for the Ih states. bye model for D semiconductofS?! as

The hh and Ih effective masses in growth direction are found

to be mf,=mq/(y,—2v,)=0.3774Xmg and mj,=mq/(y, \T
+27,)=0.0905< m,, with the Luttinger parameterg, and Ks=—¢ ,;e[l— expl— newhzlmﬁ* KkeT)]
v, fixed to the values of the GaAs barrier. ar ([ u '

The hh and Ih exciton binding energies in the absence of m*

photogenerated carriers are calculated within the framework + ——[1—exp— phﬂ-hzlmﬁ‘thT)] , 2)
of the zero-radius potential mod€t® For a 1.2-ML-thick M ’
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wheren, andp;, denote the carrier concentrations gafl is

the reduced in-plane effective mass. As can be seen from Eq.
(2), the inverse screening length for both hh and lh excitons
increases linearly up to excitation densities of approximately .
5x 108 cm2. In this range the inverse screening length be-
comes independent on the effective masses, i.e., the contri-
butions to screening from captured electrons and holes are%
equal. For larger excitation densities the inverse screeningg %4

1.0 | 5x10"%m™

08 | 10%%m?

ransmission

06

10%cm™

of]

3><108cm'2

length starts to deviate from linear behavior, and at 5 5
x10Y%cm™2 it reaches the saturation limit ofkg Eo02r
. . 1=
=2/a*[(mf+mi )/ ui 1. In the nonlinear regime of the 0 o .

individual contributions of captured electrons and holes to 0 100 200 300 400 500
the screening diverge with the result that the PT becomes
more sensitive to the electron capture than to the capture of a
hole. In the regime where screening becomes density inde- F|G. 2. Calculated phototransmission transients at the peak po-
pendent, the exciton binding energy saturates at a value @ftion of the hh exciton transition for different excitation densities
0.56xR*, as predicted by random-phase approximatfon, (solid lines. For comparison, the transient of the populathoft),
reflecting the persistence of the two-dimensional (2D) exciwhich scales with the excitation density, is shofgotted ling. For
ton ground state even at high carrier concentratidns. e_xcitation densitiess3X 10? cm’z_th_e phototransmission transients
The calculations of the PT incorporating both phase-spacgirectly reflect the population within 5% accuracy.
filling and exciton screening are displayed in Fig&)land
2, respectively. To facilitate direct comparison with the ex-
periments, the calculations were performed at the peak posi-
tion of the hh exciton transition. The solid lines in FigblL The carrier capture measurements at the hh and Ih exciton
represent the calculated PT in the maximum of the transiertransition of the InAs layer were performed at a fixed exci-
as a function of excitation density. Calculations and meatation density of X 10®cm 2 The pump wavelength was
surements show in agreement that up ta ®cm 2 the  set above the GaAs band gap to 1.818 eV. Figure 3 displays
bleaching increases almost linearly with excitation densitythe PT transients in the vicinity of the [lFig. 3(@] and hh
but starts to saturate at higher densities. This nonlinear bgfig. 3(b)] exciton transitions. For the measurements in the
havior is caused by saturation of the inverse screening lengthicinity of the Ih exciton transition the probe wavelength was
suggesting that the bleaching results predominantly from extuned from the high-energy side of the Ih transition at 1.492
citon screening. It can be seen from Figb)lthat at excita- eV to its low-energy side at 1.484 eV. As can be seen in Fig.
tion densities below fcm™? the contribution from phase- 3(a), both transients exhibit the same capture time of 20
space filling is 2—4 times smaller than the contribution from=+2 ps, but the decay time is 200 ps shorter at 1.492 eV. In
exciton screening. This is in agreement with the work ofthe vicinity of the hh exciton transition the opposite behavior
Snelling et al,>* who found that for excitation densiti®$  is observed. With the probe wavelength tuned to the low-
<N¢=u*hw o/h? the reduction of the exciton oscillator energy side of the hh exciton transition at 1.445 eV, we find
strength due to phase-space filling is a factor of 2 smallea capture time of 22 2 ps. In contrast, the capture time in-
than due to exciton screening. In ultrathin InAs laylgscan  creases to 582 ps at the high-energy side of the hh exciton
be estimated as 2:410'°cm 2. transition at 1.458 eV, but both transients show the same
The nonlinearities due to the dominance of screening alsdecay time.
become obvious in the calculations of the PT transients at Figure 4 summarizes the results for the capture times
different excitation densities, as shown in Fig. 2. For electrorwhen tuning the probe wavelength through the hh and |h
and hole concentrations of up to<3.0° cm 2 rise and decay exciton transitions. Within the Ih exciton transition we find a
times of the transient PT and the population are virtuallyconstant capture time of 20 ps. This is surprisingly short for
identical, thus reflecting the linear dependence of the bleachsuch a thin layer, which provides a confinement potential on
ing on excitation density. At excitation densities larger thanthe length scale of the lattice constant. In contrast, within the
10%cm2, a plateau rather than a sharp maximum starts tdh exciton transition, an abrupt increase of the capture time
emerge in the transient PT at time delays where the PTfrom 22 ps to 50 ps is observed. The line shape of the PT
reaches its maximum. This plateau indicates that the saturapectra indicates that one observes only a bleaching of the
tion level of the inverse screening length and the excitorexcitonic absorption but no noticeable broadening or shift of
binding energy has been reached, where a further increase tife excitonic resonances. The latter is explained by the fact
the carrier density does not lead to a further bleaching of th¢hat the reduction of the exciton binding energy due to
absorption. At these high excitation densities, the rise time ofcreening is compensated by band-gap renormaliZatith
the transient PT becomes significantly shorter than the riseesulting from a change of the single particle states under
time of the population, whereas the decay time of the PTphotoexcitation.
transient appears to be increased. For this reason, lifetimes To explain the observed increase by more than a factor of
would be substantially overestimated, and capture time& of the capture time within the hh exciton transition, to-
would be determined as too short if the screening contribugether with the constant capture time at the Ih exciton tran-
tion to the bleaching is not considered. sition, we describe the population of the confined states by

Time delay (ps)

IV. RESULTS AND DISCUSSION
OF THE CARRIER CAPTURE
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states occurs via band-band recombination. In addition, we
assume that a population of the hh level and a depopulation
of the Ih level can occur via intersubband relaxation from the
Ih state to the hh state characterizedd}y,"". This approach
is motivated by the results for the carrier captdré and
intersubband relaxatidhin GaAs quantum wells. The cap-
ture rates to the ground state are highest when the confining
potential of the quantum well provides a bound state close to
the barrier continuum and when the relaxation to the ground
state can occur rapidly via LO phonon emission. In ultrathin
InAs layers the situation is similar. The insertion of a 1.2-
ML-thick InAs layer in a GaAs matrix leads to a confined |Ih
state only 4.5 meV below the GaAs continuum, whereas the
effective confinement energy of the hh state amounts to 42
meV 18 Thus, the energy separation between hh and Ih sub-
bands amounts to approximately the GaAs LO phonon en-
ergy of 36 meV. As the wave functions of the confined InAs
layer states extenentirelyinto the GaAs matrix, the capture
process and the intersubband relaxation are well described by
assuming GaAs bulk phonons. Both properties should give
rise to a fast relaxation of carriers from a lh level to a hh
level by LO phonon emissidi*°within less than 1-2 ps. In
contrast, when the hh-lh level separation becomes smaller
than the LO phonon energy™,."" should increase to several
tens of picosecond8 33

In order to demonstrate that a changerfif,"" from 1-2
ps to several tens of picoseconds is responsible for the ob-
served increase of the capture time within hh exciton transi-
tion, we performed a systematic study of the parameters en-

FIG. 3. Measured transient phototransmission in the vicinity oftering the rate equatior(see Appendix B This is necessary

the lh exciton(top) and hh exciton transitiofbottom). The probe

because rise and decay times of the populatjppét) and

beam was tuned from the high-energy side of the excitonic transip,(t) are determined by a combination of the individual hole
tions (solid line) to the low-energy sidédotted ling.

coupled rate equationsee Appendix A The electron, hh,

capture times to the hh and |h level, the relaxation time for
intersubband relaxation from the |h to the hh level, and the
band-band recombination time. Changes in the electron cap-

and |h states are populated by a direct capture from the GaAsire time were not considered in this parameter study. Since
barrier, expressed by the time constants for direct capturhe InAs layer provides only a single bound electron state,

5 M and A

cap' “cap cap’
75
N=2x10%cm? I—hh—exciton Ih-exciton —
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- / A\‘Q Teap ‘ \2> =
S 504 \ / \ )
g / A =
g / £
= / \\ 4
‘:al.‘ { \\_. g
SES . ..f . 4 :
Teap ™ 2
po L
A b3 j 4 A~
; kN H A
0 .../."u....l... L .\.\..” Jo L \L
1.445 1.455 1.485 1.495
Energy (eV)

FIG. 4. Measured phototransmission rise tin(ll$ in the vicin-

respectively. The depopulation of these alterations ofrﬁap would change the capture times at the hh

and |h exciton transition in the same way.

Calculation of the PT transients at the hh and lh exciton
transitions[see Figs. &)—5(d) and Figs. 62)—6(d)] reveals
the following conclusions.

(i) The rise time of the Ih PT transient is completely in-
sensitive to any changes of the time constant for a direct
capture of holes to the confined hh levél; and the inter-
subband relaxation timef,."". Therefore, the measured rise
time of the PT transient at the lh exciton transition directly
yields a capture time to the Ih level of 20 ps.

(i) With this value known, only an increase of the inter-
subband relaxation time from 2 ps to 55 ps, combined with a
negligible direct capture by the hh leviedee Fig. ¥) and
Fig. 6(b)], results in an increase of the PT rise time at the hh
exciton transition from 22 ps to 50 ps accompanied by a
decrease of |h transient decay time and a constant hh tran-

ity of the hh and Ih exciton transitions. The solid lines are a guide toSi€Nt decay time. . ' N

the eye. Within the Ih exciton transition a constant rise time of 20 ps At the low-energy side of the hh exciton transition, the

is observed. At the hh exciton transition the rise time increase@ssociated hh states are populated within less than 2 ps by a
abruptly from 22 ps at the low-energy side to 50 ps at the highfast relaxation of holes from the Ih states via emission of

energy side. The dotted lines and the symb@s indicate the

phototransmission spectrum.

GaAs LO phonons. This finding is agreement with experi-
mental and theoretical studies of the intersubband relaxation
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FIG. 5. Calculated transient phototransmission at the hh exciton FIG. 6. Calculated transient phototransmission at the Ih exciton
transition according to the parameters study in Appendix B. Theransition using the same parameters as in Fig. 5. The comparison
capture and relaxation times used in the calculations are given iwith Fig. 5 shows that an increase of the relaxation time from 2 ps
the figure. The comparison ¢&)—(d) reveals that only a negligible to 55 ps leading to an increase of the hh phototransmission rise
direct capture of holes to the confined hh state accompanied with #tme, correlates with a reduction of the decay time of the pho-
change of the relaxation time from 2 ps to 55 ps leads to an increasetransmission at the lh exciton transition.

of the phototransmission rise time from 22 ps to 50 ps. . .
tion length of the hh amounts to only 25 A. In addition, the

: . . |h level possesses a larger in-plane effective mass than the hh
in GaAs/AlGaAs quantum wells, which revealed relaxat_lo_nlevel Ieapding to a more ?han tvx?o times larger density of states
fbr the |h. The efficient capture to the Ih state results from its
became Iggger than the threshold energy for LO phonoiyge harrier penetration length and its in-plane effective
emissior”* In our case, the fast relaxation via GaAs mass being the largest among all three confined states. In
phonons rather than InAs phonons is explained by the fagrn, the capture probability for the hh state is more than ten
that the GaAs phonon modes are only weakly perturbated b{mes smaller than that for the |h level. Since the effective hh
the thin InAs layer and that the wave functions of the con-confinement energy exceeds the LO phonon energy, transi-
fined hh and |h states extend entirely into the GaAs matrixtions from a GaAs barrier state to the hh level can only occur

This has previously been demonstrated in resonant luminegy |arge final-state momentum values, which further reduces
cence experiments® on a sample similar to that used in the capture probability.

this study.

At the high-energy side of the hh exciton transition the V. CONCLUSIONS
relaxation of holes from Ih to hh levels is slowed down to . . : .
more than 50 ps, but the direct capture of holes by the hh In qonclusmn, we have shown that in the investigated
states is still not significant. The slower relaxation time isultrathm InAs layer the_hole capture occurs as a two-step
consistent with the energy separation between |h states afjocess where the conflne.d Ih level acts as an intermediate
these hh states being smaller than the threshold energy fGRPIUre state. After the arrival of the pump pulse and relax-
LO phonon emission. In such a case relaxation occurs via ion of the carriers within t_he_GaAs barrier, the holes are
cascade of acoustic phondHg2with relaxation times larger ca@Ptured by the In state. It is important for the subsequent
than 40 ps. We therefore conclude, that a change in the ré:_oohng whether. the energy separation between the Ih state
laxation mechanism from LO phonon emission to an acous‘:’md an unoccupied hh state is smaller or Iarger than the GaAs
tic phonon cascade, at the threshold energy of 36 mev, isO Phonon energy. For an energy separation larger than 36
sufficient to explain the observed sudden increase of the hff'€V: cooling to the hh level occurs within 2 ps under the
transient rise time accompanied by the decrease of the [RMission of LO phonons. This Iegds to a capture time as
transient decay time and a constant decay time of the hﬁ_h.ort as 20 ps at the Iow—engrgy side of the hh exciton tra.n—
transient. sition. As the energy separation decreases, however, cooling

The efficient capture of holes by the confined Ih state, and!V0!ves acoustic phonons and slows down to 50 ps. In our
the relative unimportance of a direct capture by the confinegtructure the hh and Ih exciton transitions exhibit an energy
hh state, can be understood as follows: assuming the captu?@parat'on of z_approxmately one LO phonon. Thus, a ?ma”
process to take place between an initial three—dimensionzﬁpectr.al de_tur.nng of the prpbe wave_lc_ength towards_higher
and a final two-dimensional state by the emission of a LOENergies within the hh exciton transition leads to the ob-
phonon, the capture probability increases with the barrieP€"ved sudden increase of the capture time.
penetration length and the density of states of the confined
InAs layer states. For the 1.2-ML-thick InAs layer, the 4.5-
meV effective confinement energy of the Ih yields a Ih bar- This work was part of the research program of the Dutch
rier penetration length of 120 A, whereas the barrier penetraFoundation for Fundamental Research on Matle®M),
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for the Advancement of Resear@RWO). gible relaxation from the Ih level to the hh level. Assuming a
constant electron capture time, the increase of the PT rise
APPENDIX A: COUPLED RATE EQUATIONS time within the hh exciton transition would then originate

Assuming that, within the time resolution of the experi- from an increase ofgzp from 20 ps to more than 50 ps within

ments, the photogenerated carriers are relaxed to withiff 10-meV change in th_e hh effective confmemem energy.
fiw_o above the GaAs band edges, the temporal generatio-ﬁhe calculated PT transients at the hh and Ih exciton transi-
function can be approximated by&function. The temporal 10N for this case are dlsplayﬁd in Figah and Fig. 6a),
evolution of the electron and hole population in the GaAsfespectively. The increase off,, would be motivated by a

barriernb(t) and pb(t), respectivew’ can then be described capture time OSCi”ating as a function of effective confine-

by ment energy, as in the case of usual quantum wells before the
well provides the next confined stdf&!®
%—n X 8(t) — Ny Ny (A1) (i) Direct capture of holes to the confined I|h level, but
dt ~©° rGeiAS Tgap’ negligible direct capture of holes to the hh level, accompa-
nied with a change in the hole intersubband relaxation time
dpp Py Pb  Po from 2 ps to 55 ps. The calculated PT for this case is given in
at Pox (1) — %3%_ ;[gp_ ;Eaﬁp (A2) Fig. 5(b) and Fig. &b). The drastic change in relaxation time

. _is a consequence of the change in relaxation mechanism
whereng,p, denote the number of electrons and holes ini-from GaAs LO phonon emission to an acoustic phonon cas-
tially pumped into the barrier. Using this approach, an alter,qe.
ation of the capture rates to the confined InAs states, due to (iii) Direct capture of holes to the confined hh and Ih
further thermallgatlon of carriers in the barrler, is eXCIUded'IeveIs, Whereq-'c‘g increases from 20 ps to more than 50 ps
As a depopulation mechanism for the barrier states, we co p

sider ordinary band-band recombinatiorf@“) and the di- r]towards the high-energy side of the hh exciton transition,
€ . combined with a fast carrier relaxation by LO phonon emis-

rect capture of electrons and holes to the confined electron, o Ih—hh_ .

hh, and Ih states of the InAs layer, expressed by the capturd®n With Treiz <2 ps[see Figs. &) and &c)].

times 72, Tlchapandngp! respectively. For the confined elec- (iv) Direct hchapture of holes to the confined hh and Ih

tron, hh, and Ih states of the InAs layer the rate equations cal§VelS, Wherercz,increases from 20 ps to more than 50 ps at

be derived in a similar way as the high-energy side of the hh exciton transition, combined
with a slow carrier relaxation via acoustic phonon emission

dn_n, nn (A3) with 7. ""=>50 ps[see Fig. &) and Fig. &d)]. Comparison
dt T‘gap %ﬁﬁ ﬁrﬁ between(iii) and(iv) also treats the case that holes are cap-

tured by the hh level as fast as by the Ih Ieveﬂgg,w "

cap
dpnn - Po Pin Phh =20p9, and that the relaxation mechanism changes from

dt ;Eah_p+ Trelax B Tooe (A4) LO phonon emission to an acoustic phonon cascade.

The PT transients were calculated with a recombination
dpn  Po P P (A5) lifetime of 485 ps as found in previous time—cl:r?rrelated
—_— = - — - p— . . . . e

dt ;gp Ao T?ecﬁ single-photon counting experimerifsFor Teap @Nd 7y, We

used 20 ps, as found in the vicinity of the lh exciton transi-
All three subbands are populated by the direct capture ofion. The comparison of Fig. 5 and Fig. 6 shows that for the
electron and holes, whereas the depopulation occurs viah PT transients, there are only two cases that lead to a
band-band recombination, which may differ for hhi€{"™)  significant increase of its rise time. In the first case, the PT
and Ih's (5. In addition, the hh level can be populated by fise time increases from 20 ps to 35 ps whéf}, increases
relaxation of holes from the Ih states, taking place within thefrom 20 ps to 55 ps combined with an increase of the Ih to hh

intersubband relaxation timel. ", level relaxation time from 2 ps to 55 psee Figs. &) and
5(d)]. This, however, leads to equal decay times in the PT
APPENDIX B: PARAMETER STUDY transients of the Ih excitofsee Figs. &) and &d)]. In the

second case, direct capture of holes to the hh level is as-
In the parameter study oflf, and 7j3,%" one must con-  sumed to be absent. From Figbf it can be seen that the
sider the following four cases, which are related to the obincrease in the hh PT rise time is then accompanied by a
served sudden increase of the capture time at the hh excitatecrease of the Ih transient decay time, as observed in the
transition. experiments.
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