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Coherent dynamics measured by time-resolved four-wave mixing is compared to incoherent
population dynamics measured by differential transmission spectroscopy on the ground-state
transition at room temperature of two types of InAs-based quantum dots with different confinement
energies. The measurements are performed with heterodyne detection on quantum-dot active wave
guides to enhance the light–matter interaction length. An elastic nature of the measured dephasing
is revealed which is independent of the dot energy level scheme. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1367410#
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Ultrafast carrier dynamics in self-organized InAs-bas
quantum dots~QDs! have been intensively investigated
recent years.7 The quasithree-dimensional confinement th
occurs in semiconductor quantum dots strongly affects
rier radiative lifetimes as well as carrier-phonon and carr
carrier scattering rates. Intriguing effects such as long ra
tive lifetimes of several nanoseconds, inhibited interactio
with optical and acoustic phonons in dots of small sizes fr
energy, and momentum conservation arguments, car
carrier scattering of Auger type, have been widely debate
theory and experiments. For the application of QDs in op
electronics, a key issue is the atomic-like density of sta
with sharp absorption lines, that follows from the lack
efficient carrier recombination and scattering mechanism1

Experimentally, ultranarrow homogeneous linewidths~few
tens ofmeV! have been measured at low temperatures w
isolating single In~Ga!As QDs from an inhomogeneousl
broadened ensemble of dots having different sizes and/o
content.2 Therefore, the inhomogeneous broadening was
a long time considered the main limit in the achievement
a delta-like density of states in QDs. Recently, room te
perature measurements of the homogeneous linewidth o
~Ga!As QDs have revealed a large homogeneous broade
in the range of several meV3,4 up to tens of meV in the
presence of electrically injected carriers,5 comparable to
presently achieved inhomogeneous broadenings. Thus, a
ferent picture appears where QDs at room temperatures
significantly broadened by intrinsic mechanisms. This, on
one hand, reduces the expected superior performances b
on a delta-like density of states in real QD lasers, on
other hand, it implies a different behavior in the laser actio6

where all the spectral gain participate to lasing, important
cw high-power applications. In view of this scenario, a bet
understanding of the processes associated with the obse

a!Electronic mail: borri@fred.physik.uni-dortmund.de
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homogeneous broadening in QDs at room temperature is
cial for further development of QD-based devices.

The possibility to optically explore the ultrafast dynam
ics in InAs-based QDs, especially in the coherent regime
nonlinear experiments such as four-wave mixing~FWM!, is
limited by their small interaction volume. We have recen
demonstrated that time-resolved FWM~TRFWM! in self-
organized InAs QDs can be measured even at room temp
ture, by using optical wave guiding to increase the ligh
matter interaction length. The coherent dynamics in a FW
experiment allow us to measure the polarization decay t
~usually called dephasing time! which is inversely propor-
tional to the homogeneous linewidth of an optical transitio

In this work we compare the coherent dynamics m
sured by time-resolved FWM with the incoherent populati
dynamics measured by differential transmission in two typ
of InAs-based QD active wave guides at room temperatu
One structure consists of binary/ternary InAs/InGaAs Q
with a separation between the ground state–dot transi
and the wetting layer of;110 meV. It is the same structur
investigated in Refs. 3 and 5, showing a ground state
transition at 1.08mm with a broadening of about 60 meV
from photoluminescence measurements. The second
consists of pure InAs quantum dots showing about 220 m
separation between the dot ground state and the we
layer. A ground-state dot transition at 1.1mm and a broad-
ening of ;90 meV was measured by photoluminescen
experiments.7 Both investigated samples are active rid
wave guides, as schematically shown in Fig. 1, grown
metalorganic chemical vapor deposition in a positiv
intrinsic-negative diode structure. Two Al0.7Ga0.3As cladding
layers and a ridge structure of 8mm width and;500 mm
length provide optical confinement and wave guiding.6 The
active region consists of three stacked layers of QDs se
rated by 21 nm thick GaAs barriers and placed in the cen
of a 120 nm GaAs layer. Electrical injection allowed las
2 © 2001 American Institute of Physics
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6543J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Borri et al.
action,8,5 however in this work we concentrate on the Q
absorption dynamics without bias current. The end facet
the wave guides were tilted, avoiding backreflection into
wave guide mode.

We performed heterodyne pump–probe and FWM
periments as schematically shown in Fig. 1. In this exp
ment laser pulses are provided by the idler wave of an opt
parametric amplifier pumped by a Ti:Sa regenerative am
fier at 300 kHz repetition rate. Fourier-limited 150 fs puls
with 14 meV spectral width centered at the dot–ground s
transition wavelength were used. Two copropagating and
polarized pulses~in the transverse electric wave guide mod!
were coupled in and out of the wave guide by high numer
aperture lenses~NA 0.65!. In the differential transmission
experiment, the transmitted probe was distinguished by
pump pulse using an heterodyne detection scheme tha
have recently demonstrated with a low repetition rate la
system.9 The basic principle consists of a radio-frequen
shift of the optical laser frequencies of pump and pro
pulses and in a frequency selection of the transmitted pro
The same concept is applied in the FWM experiment wh
the signal is detected at the mixed frequency 2v22v1 , with
v2 and v1 radio frequency shifts of the probe and pum
pulses, respectively.3,5

The measured differential transmission at the do
ground state transition is shown in Fig. 2 for the two inve
tigated samples. Positive pump–probe delay times co
spond to a pump pulse leading the probe. In the absorp
case the dots are initially empty. When the pump arriv
bound electron–hole pairs~excitons! are created in the do
ground state, leading to a bleaching of the absorption~see
sketch in figure!. We estimated an absorption of the grou
state transition from single pulse transmission experiment
23.35 dB for the InAs/InGaAs QD wave guide10 and of
22.1 dB for the InAs QD waveguide, after correcting f
coupling, wave guide, and reflection losses. Pump input
ergies of(0.5 pJ per pulse resulted in an absorption blea
ing of the ground state transition, and thus in an increa

FIG. 1. Sketch of the experimental heterodyne setup and of the QD w
guide structure.v1 and v2 are radio-frequency shifts to the optical las
frequency in a quasidegenerate scheme. The signal is detected at the
frequency for differential transmission spectroscopy or at the four-w
mixing frequency for coherent spectroscopy.
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transmission, as shown in Fig. 2. The bleaching recovers
spontaneous recombination of the optically created carr
or by carrier escape from the dot ground state. Typical rad
tive lifetimes in QDs are in the nanosecond range,11 much
longer than the measured absorption bleaching recov
which is then attributed to carrier escape. We measured
same dynamics when decreasing the pump input energy
when applying a small forward bias current such that a
band configuration is realized in the active region of the
ode. Thus, Auger type of escape and carrier tunneling
unlikely to play a role and we attribute the carrier escape
thermal activation via phonon absorption. Note that the la
of a long-lived population in the differential transmissio
which one would expect once the thermal equilibrium
reached, is due to the diode structure of the sample. Once
carriers have escaped from the ground state, the built-in e
tric field of the diode at zero bias removes them out of
active region. When a flat band configuration is realized b
small applied bias current, long-lived population effects a
observed.

In Fig. 2 a fit to thedata is obtained by convoluting th
pulse intensity autocorrelation with a response function10

We find a good fit of the dynamics in the InAs/InGaAs QD
using a biexponential response function with two equa
weighted time constants of 1.2560.03 ps and 5.960.1 ps.10

ve

obe
e

FIG. 2. Differential transmission at the ground state–dot transition m
sured in the two types of QDs, as indicated. Solid lines are fits to the
using the indicated response functions. A sketch of the absorption bleac
induced by the pump photons~curly arrow! that recover via carrier escape i
also shown. In the insets, the probe phase dynamics measured in the h
dyne experiment are shown.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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They can be attributed to hole and electron escape tim
since the absorption bleaching is proportional to the sum
electron and hole occupation numbers. The escape, w
represents a heating of the optically excited excitons, a
appears in the probe phase dynamics which is detected i
heterodyne experiment9 ~see inset of Fig. 2!. The differential
transmission dynamics in the InAs QDs is much slower th
what is measured for the InAs/InGaAs QDs, consistent w
a larger confinement energy in the InAs QDs. The dynam
is dominated by a monoexponential decay of 1460.3 ps time
constant. A initial faster transient of;0.3 ps also appears bu
with smaller weight than the long one. Thus, a simple mo
of electron and hole escape with equally weighted time c
stants does not apply in this case, possibly due to the in
play between carrier escape and relaxation back from
excited states which complicates the overall escape dyna
in these strongly confined QDs. A carrier heating associa
with the escape is also observed in the phase dynamics
these QDs.

In order to compare the incoherent population dynam
of the ground state–dot transition with the coherent dyna
ics of the polarization decay we have performed tim
resolved FWM measurements. TRFWM of the dot grou
state in the InAs/InGaAs active wave guide is described
detail in Ref. 3. The time integrated data are shown in Fig
versus the relative delay time between the exciting puls
The dotted lines are numerical calculation as described
Ref. 3 from which a dephasing time of 260620 ps was in-
ferred, in agreement with the one deduced by the expone
decay of the FWM at long positive delay times. The sho
measurements are in the low excitation regime~;0.1 pJ en-
ergy per pulse! where the FWM signal followed a third-orde
behavior.3 Similarly, we have performed TRFWM in th
InAs QD wave guide. The data are shown in Fig. 3 in t
same low excitation regime, also within a third-order beh
ior for this sample. The dephasing time deduced from

FIG. 3. Time-integrate FWM vs relative delay time of the exciting pulses
the two types of QDs. The dotted line is a numerical calculation, while
solid lines are exponential fits of the dynamics at positive delay. The
ferred dephasing times are indicated.
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FWM exponential decay at long positive delay times is in
cated. It can be clearly seen that the FWM dynamics in
two QD samples are very similar. Note that 250 fs dephas
time corresponds to 5.3 meV homogeneous broaden
Thus, both samples show fast coherent dynamics, co
sponding to a homogeneous broadening at room tempera
of several meV, independent of the different confinem
energies in the two dot structures. Moreover, the measu
dephasing time is much faster than the incoherent popula
lifetime, indicating the elastic nature of the dominant deph
ing mechanism. Since the FWM was measured in the
excitation regime and without electrical injection, phon
scattering should be the dominant dephasing mechanism
has been recently proposed theoretically that second-o
interactions with longitudinal optical~LO! phonons at room
temperature can lead to efficient elastic dephasing with
requiring that the energy level separation in the dots matc
the LO phonon energy.12

In conclusion, pronounced differences in the populat
dynamics of the dot–ground state transition, due to car
thermal escape in the range of several picosecond, are m
sured at room temperature in two types of InAs-based Q
with different confinement energies. In contrast, similar c
herent dynamics are found, corresponding to a homogene
broadening of several meV. The elastic nature of the deph
ing, attributed to phonon interactions, is evidenced by t
comparison. Moreover, these results indicate that the ho
geneous broadening of InAs-based QDs at room tempera
is independent of their confinement energy. This aspec
very important in future development of QD-based devic
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