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Carrier relaxation dynamics in InAs/InP quantum dots
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The electronic properties of InAs/InP(113)B double-cap quantum dots (QDs) emitting around
1.55 pum are investigated. The carrier dynamics in QDs is studied by nonresonant time-resolved
photoluminescence experiments. This analysis reveals the electronic structure of the QDs and the
transient filling of the confined levels. Under low excitation densities, the spontaneous exciton
lifetime is estimated and compared to time-resolved experiments. Under high excitation density, a
direct Auger recombination effect is identified. The temperature analysis enables us to distinguish
Auger and phonon-assisted relaxation processes. © 2008 American Institute of Physics.
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Carrier relaxation and band filling effects have been
widely discussed in recent years due to their key role in the
operations of optoelectronic devices such as quantum dot
(QD) lasers. Due to the quantum confinement, many elec-
tronic states are present inside the QDs. It has been shown
that efficient carrier thermalization can occur by
multiphononl’2 or Coulomb interaction process.3 The photo-
luminescence (PL) signal of excited states has also been
clearly evidenced under high excitation density.476 More-
over, it has been shown that Auger relaxation is an extremely
fast phenomenon’ and the dominant effect under high exci-
tation de:nsity.g’9

Despite all these analyses, information about the carrier
dynamics in InAs/InP QDs are still lacking. An original
growth method has been proposed to obtain InAs/InP(113)B
QDs with a tunable emission energy.w These structures,
named double-cap QDs (DC-QDs), have been both
theoretic:axlly”’12 and experimentally amalyzed.13 15 More-
over, laser emission at 1.55 um has been obtained with this
system.16 In this paper, we present a systematic study of the
optical and electronic properties of the DC-QDs by using
time-resolved PL (tr-PL) spectroscopy.

We used the DC growth method well described in Ref.
10 to elaborate QDs. The maximum height of the QDs that
we analyze here is 2 nm (Ref. 13) and the average QD di-
ameter is about 35 nm. Samples are characterized by tr-PL
spectroscopy at low temperature. The experiments are per-
formed at 10 K by using a 790 nm mode-locked Ti:sapphire
laser producing 1.2 ps long light pulses with a repetition rate
of about 82 MHz. The tr-PL of the ensemble of QDs is then
recorded by using either a streak camera or upconverting the
luminescence signal in a nonlinear crystal with time resolu-
tions of 20 and 1.2 ps, respectively.

The tr-PL spectra obtained by the upconversion setup for
various times after excitation are shown in Fig. 1. The spec-
tra are fitted with three peaks at energy positions correspond-
ing to the excitonic states recorded in our previous studies: "
the QDs excitonic ground state (QD,) at 0.94 eV, the QDs
first excited excitonic state (QD;) at 0.99 eV, and the wetting
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layer (WL) excitonic ground state at around 1.05 eV. The
QD and WL levels are visible at short times after excitation
(10 ps). For longer times, the carrier population in high en-
ergy states diminishes either by light emission or by relax-
ation to the ground state QD,. Slight shifts of the peaks can
be seen due to the accuracy of the fit process. The shift of the
WL emission peak is due to the large emission band of the
WL and the stabilization of carriers in the WL high energy
levels under high excitation density.

A systematic study was performed with the streak cam-
era setup. Spectra obtained at 10 K with various optical ex-
citation densities for a long time (1650 ps) after excitation
are reported in Fig. 2(a). The slight changes between Figs. 1
and 2(a) can be explained by the differences between the two
setups.'” The spectra in Fig. 2(a) are very similar whatever
the excitation density is. We note that the carrier relaxation is
not completed at r=1650 ps as the WL emission peak is still
visible. Under low excitation density, this could be explained
by the presence of a potential barrier between the QDs and
the WL. Under high excitation density, the WL luminescence
signal is less intense. This can be explained by an efficient
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FIG. 1. PL spectra (open circles) recorded at 10 K with the upconversion
setup at different times after excitation (10, 600, and 1500 ps) for an exci-
tation density of I,,,=70 W cm™2. Spectra are fitted with three Gaussian
peaks. Results of the fit are reported with straight lines.
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FIG. 2. PL spectra extracted from the streak camera pictures and recorded at
10 K for different excitation densities (I..=16, 45, 57, 74, 155, and
230 W em™). Spectra at (a) long times (1650 ps) and (b) short times
(150 ps) after excitation are reported. Spectra are vertically shifted for
clarity.

carrier relaxation assisted by the Auger effect. Nevertheless,
there may be a competition between this last phenomenon
and a saturation of the QD ground state that could slow down
the carrier relaxation within the QDs just after excitation.
The spectra in Fig. 2(b) recorded at short times after excita-
tion with a low incident optical power (150 ps, 16 W cm™2)
are equivalent to the one reported in Fig. 2(a). Indeed, in this
case, the luminescence of the QD, and the WL states are
observed. When the excitation density increases from
45 to 57W cm™, a luminescence signal appears at about
0.99 eV. It corresponds to the luminescence of the QD’s first
excited state (QD,), also identified in Ref. 13. Then, when
the excitation density is further increased, we observe a sta-
bilization of the carriers in the WL and the QD states and
then a corresponding intense luminescence signal. This be-
havior reveals the progressive filling of the QD; and QD,
levels. This phenomenon could explain the slight shift to
high energies of the QD, peak that can be observed in Fig.
2(a) at long times after excitation and for high excitation
density. An estimation of the average number of excitons per
QD produced by the optical excitation has been calculated
with the formula

P

No= f;l);j Tlrans(1 - e—aL) > (1)
where P,,. is the average excitation density, v is the energy
of incident photons, f is the laser repetition rate, « is the
absorption coefficient of the InP barrier (~10* cm™), L is
the InP barrier thickness (30 nm), and T, is the air/InP
interface transmission coefficient. The filling of the QD
level observed for an optical density of 45 W cm™

corre-
sponds here to an average exciton number per dot of 3. It
shows that the filling of the QD level is mainly associated to
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FIG. 3. QD, decay time reported as a function of the optical excitation
density and the corresponding calculated average number of exciton(s) per
QD. The inset shows a typical kinetics from which the decay times are
measured (7=10 K).

a saturation of the QD level after formation of the biexciton
ground state.

We have also performed an analysis of the QD radiative
lifetime. A direct experimental method is to use resonant
excitation or pump-probe experiments.lg’19 In the present
work, we use nonresonant excitation measurements. The
measured QD decay times are reported in Fig. 3 as a func-
tion of the excitation density and of the calculated number of
excitons per QD. Under low excitation density the decay
time is constant, of about 7~ 1150 ps. Under this regime, the
QD level is not saturated (the average population per dot is
smaller than 1). We assume then that the exciton recombines
with a characteristic time close to the radiative lifetime. This
value has been compared to the theory. In the strong confine-
ment regime, the spontaneous emission rate is given by Ein-
stein’s coefficient

1
A= b -
spon
This coefficient can be written in considering only a transi-

tion between the electron and the heavy hole: '8

1 ng,e’woE
QD — 30 he |<FC|FV>|2~
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The envelope wave function overlapping coefficient
[(F¢| Fy)|? is calculated using a model described elsewhere. ™
We find [(F¢|Fy)[*=0.92 for the fundamental transition. The
use of Kane’s energy £,=21.1 eV and the InAs optical index
nep=3.9 leads to the Ise-Ish radiative lifetime values of
1200 ps for a QD with a height of 2 nm and a diameter of
35 nm. This calculated value is in very good agreement with
the measured one.

A detailed study was conducted by measuring the tr-PL
rise times T?DO and T?Dl of QD, and QD, levels, respec-
tively, as a function of both the excitation density and tem-
perature [Fig. 4(a)]. Under high excitation density, the mea-
sured rise times of both levels are independent of
temperature. It is probably limited by the time resolution of
the streak camera setup. The Auger relaxation is the domi-
nant process in this regime, which yields a very fast carrier
relaxation. On the contrary, under weak excitation density,
the rise times decrease with temperature. This reveals a
strong influence of the phonon relaxation, which is the domi-
nating process in this regime. We have applied here the three
level model of Ohnesorge et al® by considering our three
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FIG. 4. (a) Evolution of the rise times of the fundamental (79')0) (white
symbols) and of the first exited (T?DI) (black symbols) states as a function of
the temperature for two excitation regimes: strong (200 W cm™2) (circles)
and weak (18 W cm™) (squares) excitation density. Time evolution spectra
recorded at 10 K at the energy of the first excited state (QD;) level for
different excitation densities are reported in (b). The kinetics are vertically
shifted for clarity.

levels: WL, QD,, and QD;. Then, under weak excitation den-
sity, the rise time of the fundamental level can be written as
D, D
TrQ 0= T? 1+ TQDI_,QDO. (2)
This equation corresponds to a cascade relaxation of excitons
assisted by phonons emission. According to Ohnesorge et al.,
under strong excitation regime, the luminescence decay time
of the WL (7w _qp,= 72P1) is close to the rise time of
the fundamental level T?DO. Thus, they showed the existence
of a direct Auger effect that is responsible for the direct
capture from the WL into the dot. The relation 720 — 71
implies then, according to Eg. (2), 7p, .qp,—0 under
strong excitation regime. Moreover, the decay time of the
first excited level QD; can be written as

1 1 1
= + )
QD QD
77 ' TQD,—QD,  Tepon

When the condition TQDI_,QDO—>O is realized, one can induce
that it yields a decrease of the QD, luminescence decay time.
The QD; decay times have been measured and are displayed
in Fig. 4(b) for different excitation powers. The kinetics
clearly show a decrease in QD; decay time. This behavior
evidences then in our three level system the presence of a
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direct Auger relaxation effect, where carriers directly relax
from the WL into the QD, level.

In conclusion, we analyzed the carrier relaxation pro-
cesses in InAs/InP(113)B DC-QDs. We evidenced the pro-
gressive filling of the identified confined levels QD and QD
with the number of photogenerated carriers. The QD; level
starts filling with an average number of carriers per dot of
about 3. We have also measured the radiative lifetime of the
QDs fundamental level. Experimental values are in good
agreement with the theoretical values. In varying both tem-
perature and optical excitation density, we managed to dis-
sociate the Auger relaxation process from phonon relaxation
process in our three level system. The analysis of the QD,
PL decay time with the excitation density has confirmed the
presence of a direct Auger effect, responsible for the direct
capture of carriers from the WL into the QDs fundamental
level.
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