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Carrier relaxation in self-organized In0.4Ga0.6As/GaAs quantum dots is investigated by time-resolved differ-
ential transmission measurements. The dots have a base dimension of around 14 nm and a height of 7 nm,
leading to an average energy separation of the ground and first excited electronic states much greater than the
LO-phonon energy, so the phonon-mediated electron relaxation is expected to be slow. Our measurements
indicate that, even at low carrier densities~less than one electron-hole pair per dot!, the electron and hole
relaxation time constants are 5.2 and 0.6 ps, respectively; this indicates a lack of any ‘‘phonon bottleneck’’ and
is consistent with a model of electrons scattering from holes which can relax rapidly via phonon emission.
@S0163-1829~98!52716-6#

In recent research on low-dimensional semiconductor
structures, quantum dots have been attracting much attention
due to the physical effects observed in quasi-zero-
dimensional systems and for their potential device applica-
tions. Technologically, quantum dots are expected to be es-
pecially important for interband and inter-sub-band
semiconductor lasers where theird-function-like density of
states will result in very large differential gains and tempera-
ture insensitivity,1 and for new types of infrared detectors.
Discovery of the self-organization of quantum dots during
high-strain epitaxial growth has enabled practical quantum
dot devices,2–4 including quantum dot lasers.5–7 Of particular
importance for both types of devices is the physics of carrier
relaxation in the dots, and specifically the possibility of a
‘‘phonon bottleneck’’ that is expected to drastically slow
carrier relaxation in small dots.8,9 This bottleneck is detri-
mental for quantum dot lasers because it can limit their
maximum modulation bandwidth; on the other hand quantum
dot detectors rely on it for low-noise performance.

In this investigation we study carrier relaxation
under low-carrier-density conditions in self-organized
In0.4Ga0.6As/GaAs quantum dots by means of differential
transmission~DT! measurements. We directly time resolve
the relaxation from the GaAs region to the ground state and
the relaxation from the first excited state to the ground state.
Although other groups have reported differential transmis-
sion measurements on very different systems such asII -VI
quantum dots,10 studies reporting on carrier relaxation in
III -V self-organized quantum dot systems have relied on cw
or time-resolved photoluminescence~PL! techniques that
generally have insufficient time resolution for relaxation on
the time scales we observe and are also indirect measure-
ments of carrier level occupation.11–14

The sample considered in this report was grown by
molecular-beam epitaxy and consisted of four layers of
In0.4Ga0.6As quantum dots in the center of a 0.2-mm-thick

GaAs layer with 1mm Al0.3Ga0.7As carrier confinement lay-
ers above and below the GaAs. The InxGa12xAs was grown
at 520 °C at a rate of 0.25 ML per second while the rest of
the sample was grown at 620 °C at 0.2 nm per second. The
initial dot layer consists of 7 ML of InxGa12xAs, while ad-
ditional dot layers contain only 5 ML.15 The dot layers are
separated by 2.5-nm-thick GaAs barriers. This structure
closely resembles the quantum dot laser structure grown by
Kamath et al. except it is undoped.6 Cross-sectional trans-
mission electron microscopy reveals that the dots have a py-
ramidal shape15 with a base width of 14 nm and a height of
7 nm. Atomic-force microscopy reveals a dot density~per
layer! of 531010 cm22. Additional discussion of the charac-
terization of similar samples is given in Ref. 15. The sample
was antireflection coated~to eliminate Fabry-Perot effects on
the optical spectrum!, mounted on sapphire, and the GaAs
substrate was removed by selective etching to eliminate any
possible contribution of the substrate to the optical spectra.
The sample was held at 10 K.

An eight-bandk•p model including the strain distribution
in the dots~described in detail in Ref. 16! predicts the band
structure shown in Fig. 1. There are two electron levels con-
fined in the dots. There are a large number of closely spaced
hole states in the dots; only the ground state and the first
three excited states are shown. The interband optical-matrix
element is calculated to be strong only between electron and
hole levels with the same quantum number; thus the absorp-
tion and PL spectra will be dominated by transitions at 1.248
eV ~which we labelE1H1! and 1.33 eV (E2H2). PL mea-
surements made with an 800-nm 85-fs pulsed excitation
source at 10 K are shown in Fig. 2 for different excitation
densities and clearly show the existence of two transitions
corresponding to the two confined electronic levels. The
peak at low excitation densities at 980 nm~1.265 eV! corre-
sponds toE1H1 emission and its width is due to inhomoge-
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neous broadening from a distribution in dot sizes. With
higher excitation the ground state fills up and luminescence
corresponding to theE2H2 transition at 925 nm~1.34 eV! is
also observable. These transition energies are in reasonable
agreement with the calculated values given the uncertainties
in the exact dot parameters. Time-resolved PL measurements
on similar samples reveal a ground-state luminescence life-
time of ;700 ps that is essentially insensitive to the number
of dot layers in the sample.15

Differential transmission experiments were performed us-
ing a 250-kHz Ti:sapphire regenerative amplifier which pro-
duces 85-fs 4-mJ pulses at 800 nm.17 The output was split
into two and the first beam generated a single-filament white
light continuum. The probe pulse, with a spectrum extending
from 900 to 1100 nm, was obtained by filtering the con-
tinuum with a Schott Glass Technologies RG1000 filter. For
experiments requiring a 920-nm pump pulse, a continuum
was generated with the second beam as well and filtered with
a 10-nm bandwidth 920-nm interference filter; for experi-
ments requiring an 800-nm pump pulse the second beam was
simply attenuated. The pump beam was mechanically
chopped at 2 kHz and lock-in detection of the probe beam

was used to measure the DT signal. The transmitted probe
spectrum was measured with;1-nm resolution. We used
DT measurements to characterize the carrier dynamics be-
cause at low densities the signal is directly related to changes
in the occupation of the dot levels,@DT(\v)#/T(\v)5( f e
1 f h)a0(\v), wheref e ( f h) are the electron~hole! occupa-
tion probabilities anda0(\v) is the unexcited absorption
coefficient of the quantum dots. On the other hand, lumines-
cence measurements are sensitive to the occupation of dot
levels only through the productf e f h .

Figure 3 shows DT signals measured for a range of in-
jected carrier densities when the probe pulse is delayed 67 ps
from the 800-nm pump pulse. For carrier densities much
above one electron-hole pair for every two dots the signals
do not appear to reflect the energy levels observable from the
PL in an obvious way. In fact the signal is negative at the
long-wavelength end of the spectrum indicating induced ab-
sorption. At present we are unable to explain the high-
density spectrum including apparent level shifts. At low car-
rier densities, however, the DT signal matches well with the
PL as shown in the inset of Fig. 3. Also shown in the inset is
the differential transmission spectrum for a 920-nm pump
pulse ~corresponding to theE2H2 transition!, and it also
matches well with the PL. We therefore limit ourselves in the
remainder of this paper to a discussion of the low-carrier-
density regime, where the DT spectrum can be interpreted
simply in terms of dot level populations.

Figure 4 shows DT signals measured using a 10-nm band-
width pump pulse centered at 920 nm and probe wavelengths
of 980 and 923 nm, corresponding to theE1H1 andE2H2
transitions. The pump pulse produced an estimated carrier
density of 1010 cm22 in then52 state, corresponding to one
electron-hole pair for every 20 dots. These measurements
show that the injected carriers leave then52 states~the
decay of the 923-nm signal! with the same time constants as
they arrive at then51 states~the risetime of the 980-nm
signal!. The inset of this figure plots a flipped version of the
923-nm signal on top of the 980-nm signal to illustrate the

FIG. 1. Calculated electronic spectrum for an In0.4/Ga0.6As dot
with base width 14.5 nm and height 7.3 nm and 7 ML wetting layer.
Biaxial strain is assumed in the entire dot area.

FIG. 2. PL measurements at 10 K are shown for the four-layer
In0.4Ga0.6As quantum dot sample. The estimated number of carriers
per dot injected into the GaAs barrier region is shown next to each
curve. The total dot density is 231011 cm22.

FIG. 3. The differential transmission is plotted vs wavelength
for the probe pulse delayed 67 ps from the pump pulse. The esti-
mated carrier density scaled to the dot density~i.e., the effective
number of electrons per dot injected into the GaAs region! is indi-
cated for each curve. The inset shows normalized DT signals for
carrier densities much less than 1 per dot for an 800-nm pump
~solid line! and a 920-nm pump~dashed line!.
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excellent agreement. We therefore believe we have an accu-
rate measurement of then52 state to then51 state relax-
ation time (t21). Because the electron and holen51 states
contribute equally to the DT spectrum at 980 nm, we fit the
dynamics with two exponential components of equal weight.
An excellent fit is obtained for time constants of 0.6 and 5.2
ps as can be seen in the right inset of Fig. 4. As the phonon-
mediated hole relaxation rate is expected to be relatively fast
in this and similar quantum dot systems, we attribute the fast
component to hole relaxation. The longer time constant of
5.2 ps, however, would be surprisingly short for phonon-
mediated relaxation between the electronn52 andn51 lev-
els, considering that the separation of the electronic levels
~58 meV average! is much larger than the LO phonon energy
of 30 meV. It is possible that some of the dots in the inho-
mogeneous distribution may have electronic levels which
can relax via resonant two LO-phonon emission. A two pho-
non transition could not explain the results, however, be-
cause it is a highly resonant transition and would occur only
for a very narrow range of dot sizes,18 and not for the entire
distribution. Auger-type scattering processes mentioned in
other reports,11,19 such as scattering of an electron in the
quantum dot with an electron in the GaAs barrier, cannot
occur at the carrier densities in these measurements.
Electron-hole scattering involving discrete dot states might
naively be ruled out as a possible relaxation mechanism, as it
would be difficult to satisfy strict energy conservation in the
scattering process. However, if we include the nonzero line-
width of the hole levels due to hole-phonon scattering, the
strict energy conservation requirement is relaxed, and
electron-hole scattering can provide an efficient channel for
the electron to lose energy.18,20Figure 5 shows the calculated
electron-hole scattering time as a function of the hole relax-
ation time using the model given in Refs. 18 and 20 for our

quantum dot system with one electron-hole pair per dot. Tak-
ing the 0.6-ps time constant observed in the 980-nm-probe
signal as indicative of the hole relaxation time and assuming
this is close to the average lifetime of the hole states in the
dot, we expect from Fig. 5 an electron relaxation time of
around 8 ps. This is reasonably consistent with our observed
value of 5.2 ps.

Having determined the electron and holen52 to n51
relaxation rates, we then applied the DT technique to mea-
sure the capture rate of carriers from the GaAs barrier region
into the dots. Figure 6 shows the normalized DT signals
measured with an 800-nm pump pulse at probe wavelengths
of 980 and 925 nm. The pump pulse injected carriers into the
GaAs barrier region at an estimated density of 1011 cm22.
The 925-nm-probe signal is fit reasonably by a rate equation
modeling the barrier ton52 state relaxation time (tb2) as
2.8 ps andt21 as 5.2 ps as measured above. This rate equa-
tion model also fits the rise of the dot ground-state popula-
tion ~980-nm-probe signal! quite well, although we should
note that the 980-nm signal can also be fit simply by a single
exponential with an 8-ps time constant. It is not clear why
separate hole and electron relaxation times are not observ-
able for the 800-nm pump 980-nm probe signal, although it
does seem that the present signal-to-noise ratio is insufficient
for a rate equation fitting procedure to be sensitive enough to

FIG. 4. DT signals measured with a 920-nm pump and a
923-nm or 980-nm probe are plotted as a function of time. The left
inset shows a flipped version of the 923-nm probe signal plotted
with the 980-nm signal to emphasize the similarity. The right inset
shows a curve fitting for the 920-nm pump 980-nm probe signal fit
by signal}120.5e2t/0.6220.5e2t/5.2.

FIG. 5. Level-2-electron’s lifetime dependence on the lifetime
of holes due to electron-hole scattering.

FIG. 6. DT signals~solid lines! measured with a 800-nm pump
and a 925-nm or 980-nm probe are plotted as a function of time.
Rate equation curve fits, as described in the text, are shown as
dashed lines.
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determine if there are multiple time constants for either the
925- or 980-nm probe signals. In any case it is clear that both
carriers relax to then51 state within 8 ps.

In summary, we have used femtosecond differential trans-
mission measurements to time resolve then52 to n51 re-
laxation and the GaAs barrier ton52 relaxation for
In0.4Ga0.6As/GaAs self-organized quantum dots at low car-
rier densities. Direct photoinjection of carriers into then
52 states reveals thatt21 for holes is 0.6 ps.t21 for electrons
is found to be 5.2 ps, which is much more rapid than ex-
pected for the electrons and indicates the phonon bottleneck
is not effective for this system. The observed time constants
are consistent with a model for electron relaxation via
electron-hole scattering, where the scattered holes can rap-
idly lose their excess energy through phonon emission.
When carriers are photoinjected into the GaAs barrier region,
relaxation into then52 andn51 states of the dot occurs
with time constants of 2.8 and 8 ps, respectively. The latter
relaxation times are also extremely rapid, and further mod-

eling is needed to completely characterize this relaxation
pathway. The rapid relaxations observed in this work indi-
cate that interband lasers made from these structures may
have maximum modulation rates comparable to those of
quantum-well lasers, for which the carrier capture times are
typically 1–10 ps, although the dynamics observed in high-
density experiments remain to be correlated with the ob-
served laser modulation bandwidths. On the other hand, far
infrared or midinfrared lasers and detectors that operate
purely on intersubband electronic transitions~and which re-
quire long excited state lifetimes! may still have a very long
t21 since the hole concentration in such devices is essentially
zero. Measurements of relaxation in unipolar structures re-
main to be done.
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