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Excited-state dynamics and carrier capture in InGaAs  /GaAs quantum dots
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Subpicosecond time-resolved photoluminescence upconversion is used to measure the 12 K
first-excited-state dynamics in large InGaAs/GaAs self-assembled quantum dots designed for 1.3
um diode lasers. A comparison with the ground-state dynamics suggests that energy relaxation
occurs in a cascade through the multiple discrete levels with an average interlevel relaxation time of
~250 fs. Excited-state emission is observed from two distinct populations. Due to the ultrafast
relaxation from the excited state to the ground state in dots containing only a single exciton, the
excited-state emission is dominated by the fraction of dots that capture more than one electron—hole
pair. In this case, state filling in the ground state blocks the ultrafast relaxation channel, thereby
enhancing the excited-state emission. While state filling and a random capture process dictate the
primary features of the excited-state emission, at low excitation levels we find that the rise time of
emission from the excited state is influenced by the much denser population of singly occupied dots.
© 2001 American Institute of Physic§DOI: 10.1063/1.1418035

The delta-function-like density of states in self- multiple energy levels in these large QDs, with an average
assembled, quasi-zero-dimensional, InGaAs quantum dotaterlevel relaxation time of-250 fs. The measured dynam-
(QDs) offer superior performance relative to quantum wellsics of carriers in the first-excited state are found to be influ-
as active regions in laser diodeg. Compared with planar enced by the random nature of the carrier capture process,
guantum-well lasers, QD lasers have exhibited lower threshwhich leads to a finite probability of multiple excitation of
old current and less temperature sensitivityHowever, the the QDs, even at excitation levels resulting in an average of
discrete density of states may also impose impediments tmuch less than one exciton per dbt.
carrier energy relaxation by optical phonon emission. Thisso  The InGaAs/GaAs self-assembled QD sample was
called phonon bottlene&*! which was predicted by Bock- grown by a cycled submonolayer molecular-beam epitaxy
elmanet al? and Benistyet al,*® could restrict the modula- approach. Two QD layers were formed from a deposition of
tion rate of QD lasers, thus limiting their use for high-speed10 monolayers of In:Ga, sASs average composition. The two
applications. On the other hand, reported relaxation rateQD layers are embedded in a GaAs matrix, which is sand-
vary significantly* leaving the existence of significant pho- wiched between two AlAs barriers separated by 2000 A. The
non bottleneck effects an open question and leading to @Ds have a density of 10'° cm™2, a lateral size 0f~350
variety of proposed models for the relaxation. Different ratesd, and a height of~110 A after covering with GaAs. Al-
reported for a range of QD structures and for a variety ofthough the alloy composition during growth is 50%, the cen-
experimental conditions suggest that the relaxation rate iger of the dots is indium rich, which evidently results in
strongly dependent on the details of the QD electronic strucnearly parabolic potential welf§. This is consistent with the
ture, as confirmed by recent measurements on size-controllggkarly constant energy separationé5 me\) between adja-
QDs?* Still, a quantitative and general understanding of thecent emission peaks, as evidenced by the continuous-wave
carrier relaxation is incomplete, and progress toward this unphotoluminescencéPL) [see Ref. 15 Fig. (B)].
derstanding is complicated by the random nature of the pro-  Time-resolved PL upconversion of the QD PL was per-
cess by which carriers in the wetting layer are captured byormed using~120 fs pulses from a Kerr-lens mode-locked
the QDs™® Ti:Sapphire laser tuned to 870 nm so that carriers are gener-

Here, we expand on our prior studies of the ground-statated below the GaAs band edge into the wetting layer. The
dynamics in InGaAs/GaAs self-assembled &T$by inves-  resulting PL was collected and both the ground-state and the
tigating the excited-state dynamics as well. Measurementfirst-excited state emission were upconverted in a 0.5-mm-
with better than 200 fs resolution were conducted over ahick LilO5 crystal. The upconverted signal was directed into
broad range of injected carrier densities, from an average &f monochromator prior to detection by a cooled photomulti-
less than one exciton per QD to many excitons per QD. Ouplier tube and a photon counter to provide a spectral resolu-
results indicate an ultrafast cascade of carriers through thgon of ~5 meV. All measurements were conducted at a lat-
tice temperature of 12 K to essentially eliminate thermal
aElectronic mail: thomas-boggess@uiowa.edu occupation of the QD excited states. We note that, since the
YElectronic mail: deppe@mail.utexas.edu excitation is in the wetting layer, separate capture of elec-
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clearly indicate that first-excited-state emission is observed
even at excitation densities well below the level required for
state filling in the ground state, i.e., for less than one exciton
per QD on average. For excitation levels well below that
required for ground-state filling, the ground-state emission,
as expected, increases linearly with excitation but the
excited-state emission increases quadratically. This behavior
suggests that the measured excited-state emission is domi-
nated by those QDs that have randomly captured two exci-
tons.

Measurements of the PL decay were also conducted to
evaluate the lifetimes of the ground state and first-excited
FIG. 1. Time-resolved PL for the first-excited sta& and the ground state ~ state. These dat@ot shown display an exponential decay,

(b) at 12 K. The excitations for both states are 0jFicnt, 0.95ud/en?,  and mono-exponential fits yield an excited-state lifetime of
;it#;ﬁg‘iﬁgd 9.45pfent, respectively. The solid lines are mono- 534 ¢ ang 4 ground-state lifetime of 460 ps. It is important
to note that there is no significant density dependence to
these lifetimes. That is, even when the excitation level is well
trons and holes can occur, but PL results only from QDs thabe|0W an average of one electron—hole pair per dot, the
have captured at least one electron—hole pair. excited-state lifetime, which includes both radiative decay

Immediately after excitation, the PL from both the gndrelaxation to the ground state, is230 ps. This lifetime
ground state and the first-excited state increases rapidly Wit more than two orders of magnitude longer than the rise
time in a manner that is well described by a mono-time of the unsaturated ground-state emission. This indicates

exponential rise to a constant level. Figure 1 shows data anfat the measured excited-state emission must arise primarily
mono-exponential fits for both the ground state and the firstfroy, dots in which relaxation into the ground state is

excited state for several excitation fluences. We estimate thgjjocked.

1 pdicnt corresponds to an average of approximately one e rapid rise times associated with the ground state
electron—hole pair per dot. We find that the emission assoCigmjssjon, the comparatively long lifetime observed for the

ated with both the ground state and first-excited state reachggq; eycited state, even for an average excitation of less than
a quasi-equilibrium on a time scale ofl ps. Given thatwe o6 exciton per dot, and the density dependence of the

observe transitions corresponding to at least four discrete eng, citad-state emission all suggest that the measured excited-

ergy levels, this rise time indicates an average interlevel regi.i p| arises primarily from a random population of QDs
laxation time of~250 fs. Such fast relaxation, which occurs

o o - ) that have captured more than a single electron—hole pair.
at all excitation densities, indicates that, in these QDs, th P 9 b

Pue to the random capture process, such dots will be present
phonon bottleneck is not significant. The data also iIIustrated P P ’ b

o R t all excitation levels. In these dots, one electron—hole pair
that, at low excitation, th? ground-stat_e emission 1S muc_h ill rapidly relax into a ground state exciton, and Pauli
more mtense thaq the exmted-;tate emission. prever,_ wit locking in the ground state will forcgor appropriate spin
Increasing excnatlon., the PL intensity for the f'rSt'eXC'tedthe second exciton into the excited state. Under such circum-
state begins to dominate, as would be expected due to ths?ances, carrier relaxation out of the excited state can occur

higher degeneracy for the excited state and state filling inth(a1r0ugh two paths: radiative recombination and scattering

ground state. The dependence of the PL intensity on eXC'ta}hto the ground statafter radiative decay of the ground-state

tion for both transitions is quantified in Fig. 2. These reSUItSexciton. The fact that the excited-state lifetime is half that of
the ground state indicates that thediative lifetime of the
excited state is essentially equal to that of the ground state.
For dots that capture only a single electron—hole pair,
electron occupation of the first-excited state is brief, since the
~1 ps rise time of the ground-state emission implies that
most of those electrons quickly scatter into the ground state.
In the absence of Pauli blocking in the ground state, the short
lifetime of the excited state, as well as the weak oscillator
strengths for recombination with all but the first-excited hole
state, lead to a low probability per dot for excited-state emis-
sion.
' ' ' Although most of our observations related to the excited-
0.0 0.5 1.0 1.5 2.0 e . - -
Fluence (uJ/cmz) state emission can be explfilned by the staﬂshca} probability
of multiple exciton capture in the QDs together with ground-
FIG. 2. Time-resolved PL intensity vs excitation fluence for the first-excitedState filling, a quantitative examination of the ground-state
Isrz;(zﬂga;ﬁ ar:ﬁethsz r?]r:lirr:ﬁl St?Ottrﬂ?htL1§n5rseaétfgit::iroonartaﬁ28Ki r\:\:/iéflsttihzte and excited-state PL rise times indicates that this alone can
The solid Iinegs are fits to the gata. Note that the fit for the fi?st—excitedgstat(é.lOt flfl”y describe our data. Elgure 3 illustrates the excitation
at a low-excitation is quadratic, which indicates the first-excited state emisden3|ty dependence of the rise times for the ground state and

sion arises mainly from doubly occupied dots. the first-excited state. These data illustrate that at excitation
Downloaded 08 Nov 2001 to 128.255.70.195. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

(a) (b)

PL Intensity

0 5 10 0 5 10
Delay(ps) Delay(ps)

PL Intensity

0 2 4 &
Fluence (uJ/em?®)

PL Intensity

PL ~ (Fluence)®




3322 Appl. Phys. Lett., Vol. 79, No. 20, 12 November 2001 Zhang et al.

In summary, we have time resolved the ground-state and
first-excited-state emission in larg@00 Ax150 A) InGaAs/
%,— —_ GaAs QDs. The data indicate that even at low densities, such
7 ) : .
that on average there exists less than one exciton per QD, the
j most prominent features of the excited-state emission are
—_ _éé%‘_%___ | dominated by the small group of QDs that have captured
§_/ more than one exciton. On the other hand, for sufficiently
low-excitation levels, excited-state emission from QDs occu-
pied by single excitons does influence the emission rise time.
T T The data are fully consistent with an ultrafast cascade of
0 1 2 3 carriers through the multiple discrete levels in the QDs and
Fluence (uJ/cm?) with the random capture model proposed by Grundmann and
FIG. 3. PL rise time vs excitation fluence for the first-excited statgiarg Blmberg'lG Furtherm.ore’ we see no evidence of a significant
and the ground statelot at 12 K. phonon bottleneck in these structures.
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