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We report investigations on carrier capture and relaxation processes in undoped and
modulation-doped InAs/GaAs self-assembled quantum dots (QDs) by using time-resolved
spectroscopy technique with a time resolution of ~200 fs. We find that carrier capture and
relaxation in the ground state of the charged QD are faster compared to the undoped dots even at an
excitation level as low as 1 X 10'° cm™2. It is attributed to the triggering of the vibrating polarization
field induced by the presence of cold carriers in the doped dots. The rate of an electron been
captured by a positively charged QD is also calculated based on our proposed model. © 2006
American Institute of Physics. [DOI: 10.1063/1.2197309]

The study of carrier relaxation and capture in
InAs/GaAs quantum dots (QDs) has attracted much
attention' ™ due to their wide physical interests and their po-
tential device applications. It has been predicated that the
discrete atomiclike energy levels may inhibit the efficient
carrier relaxation by single phonon emissions.”® The system-
atically longer PL rise times observed in the higher excited
states of InAs/GaAs QDs by Yuan et al.”® were interpreted
in the framework of sequential state filling, resulting from
fast trapping and intradot relaxation. The experimental re-
sults of intraband relaxation via polaron decay in InAs QDs
were reported over a wide energy range from 40 to
~ 60 meV in Ref. 9. Their measured energy dependent decay
time of the transmission change ranged from ~65 to
~45 ps. Few experiments have examined carrier and spin
dynamics in charged QDs. Observation of quantum beats
with unusual polarization properties in the PL of InP QDs
was reported by Kozin et al. '97n Ref. 11, the spin state of the
resident electron in n-doped InAs QDs can be manipulated
using nonresonant optical excitation. Recently, in the work
done by Giindogdu et al.,"*" the carrier capture and relax-
ation to the ground state are much faster in the highly
charged dots compared to the neutral dots. The enhancement
of carrier capture and relaxation is attributed to the rapid
electron-hole scattering involving the built-in carrier
population.

In this letter, we investigate and compare the carrier cap-
ture and relaxation processes in undoped and lightly doped
InAs/GaAs QDs using luminescence upconversion spectros-
copy with ~200 fs time resolution. We observed ultrafast
carrier capture and relaxation in charged QDs’ ground states
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at very low doping concentrations and at low excitation
level.

The InAs/GaAs QD samples were grown by using a
solid source molecular beam epitaxy (MBE) machine.'* The
n-doped samples contain a Si-delta doping layer 2 nm below
the QD layer with nominal densities of about 2 X 10! cm™2.
For the p-doped samples, a Be-delta doping layer was placed
2 nm below the QD layer with nominal densities of about
2% 10'° cm™2. Atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM) images of the self-
assembled quantum dots reveal a QD density of ~2
% 10" cm™2 and an average base width and height for the
dots of approximately 20 and 5 nm, respectively. Free carri-
ers from the doped layer accumulated in the low energy
states within the InAs QDs. In the lightly n- (p-) doped
samples, most of the dots contain only a single electron (or
hole). A QD infrared photodetector structure was also fabri-
cated with the same doping scheme used in these experi-
ments. The intraband absorption measurements and respon-
sivity spectra from the device indicated that the doping in
our samples was effective.

The measurements of carrier dynamics were performed
by time-resolved photoluminescence.14 A femtosecond
Ti:sapphire laser was operated at 770 nm with full width at
half maximum (FWHM) of about 18 meV to excited carriers
in the GaAs barrier. According to the focus spot size and the
absorption depth at the photoexcitation wavelength, the laser
pumping power was adjusted to give injected carrier densi-
ties from 1X 10" (low) to 5 10" em™? (high). The room
temperature time-integrated PL spectra of the undoped QD
sample taken at an excitation wavelength of 770 nm and in-
tensity of 1 X 10° W/cm? (corresponding to an injected car-
rier density of ~10'! cm™2?) are shown in Fig. 1. The spectral
lines centered at 872 and 930 nm are attributed to the band
gap energies of the GaAs and wetting layer, respectively.
Three spectrally well-separated PL lines at longer wave-
lengths, as shown in Fig. 1(b), are due to electron-hole re-

© 2006 American Institute of Physics
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FIG. 1. Room temperature PL spectra of InAs/GaAs self-assembled QDs,
displaying GaAs barrier, wetting layer, and excited state radiative recombi-
nation in wavelength range from (a) 820to 950 nm and (b)
950 to 1300 nm. Spectra were excited at 788 nm with a self-mode-locked
Ti:sapphire laser.

combination between distinct QD confined states. Only the
n=1 peak is observed at low excitation intensity (less than
10 W/cm™) and it is assigned as the QD ground electron to
ground hole transition. The center wavelengths of the spec-
tral peak from n=1 to n=3 are 1240, 1150, and 1080 nm,
respectively. In the PL studies on doped QDs, due to the
lightly doping, we did not observe significant changes in the
spectra line shape or shifting of ground-state optical transi-
tion. Carrier capture and relaxation to the QD’s ground level
were examined as a function of excitation density and tem-
perature by measuring PL rise times at the energy of QD
ground state identified in the steady state PL spectra. The
time evolution of the PL signal then follows from the analy-
sis of the rate equations,

1(r) « A[1 — exp(— t/7,) Jexp(-t/7,), (1)

where 7, and 7, are the PL rise and decay time constants.
In Fig. 2 we show the PL transients detected at the
ground state of undoped QDs for the first 20 ps. PL spectra
measured at three different excitation levels (low, moderate,
and high) are displayed in parallel for comparison. At an
excitation density as low as 1X 10'° cm™, the PL intensity
shows a rise time of approximately 5 ps. The PL rise times
accelerate as the excitation power increases and reach a
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FIG. 2. Time-resolved PL intensity measured at the energy of the undoped
QDs’ ground states at three different excitation levels and at low tempera-
ture. The solid curves indicate fits of the PL rise to a single exponential.

value of less than 1 ps at a photoexcited carrier density =1
X 10" cm™2. It is believed that the carrier density depen-
dence of the ultrafast relaxation is due to Auger-like carrier-
carrier scattering.l‘11

Experiments on modulation-doped QDs allow the relax-
ation dynamics of electrons and holes to be investigated
separately. At low temperature, low excitation densities, the
photogenerated carriers do not significantly perturb the well-
defined Fermi distribution of doped cold carriers. Therefore,
the luminescence dynamics is dominated by the electron
(hole) dynamics in p- (n-) doped QDs. For samples with
doping density of 2 X 10'" cm™, only the lowest electron
(n-doped QDs) or hole (p-doped QDs) level is occupied prior
to the optical excitation. The initial PL transient at the
ground state in the doped QDs is shown in Fig. 3. The major
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FIG. 3. Results of time-resolved PL experiments at 77 K for p-doped
(circles), n-doped (squares), and nndoped QDs (triangles) at an optical ex-
citation level of only one electron-hole pair per dot.
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FIG. 4. (Color online) Temperature dependence of the PL rise times ex-
tracted from the single exponential fits to the rising edge of time-resolved
PL under low excitation level.

difference of PL transients between charged and uncharged
QDs is the presence of small built-in electron (hole) popula-
tion in the n- (p-) doped QDs prior to optical excitation.
However, the fits of the PL transients in Fig. 3 indicate cap-
ture times of about 1.7 ps for charged QDs which are more
rapid than in undoped QDs, regardless of the species of cold
carrier involved. In contrast to the earlier reports in highly
charged QDs,lz’13 the total carrier densities in our experi-
ments are only on the order of ~2 X 10'° cm™2. The calcu-
lated Auger scattering rate'> was about 2X 10 s™! for a
plasma density of ~10'° cm™ and a quantum dot lateral size
of 20 nm. At such low excitation intensity, it is unlikely that
the Coulomb scattering within the electron-hole plasma is
responsible for the ultrafast carrier capture and relaxation
observed in our charged QD experiments.m’17 Another pos-
sible mechanism for carrier capture and relaxation under low
excitation is through carrier-phonon coupling18 by which car-
riers relax sequentially inside the QDs via carrier-phonon
interaction. In that case, the capture and relaxation time
should be slower and reveal temperature dependence. How-
ever, in Fig. 4, we found no discernible temperature depen-
dence on the PL rise time for charged and uncharged QDs.
The above results indicate that neither carrier-carrier scatter-
ing nor phonon scattering was responsible for the accelerated
carrier capture observed in our experiments.

We have developed a theoretical model of carrier capture
by taking into account the subtle difference between scatter-
ing of carriers into continuous and localized electronic states
when the center of the scattering is charged. In response to
the localized (doped) charges in the dots, the lattice ions and
electrons bonded to those ions were displaced. This displace-
ment produces local strain of crystal lattice and atomic-size
electrical dipoles. Due to the cumulative field of those di-
poles around the dot, a polarization field must be induced
around the QDs. During the scattering, carriers encounter
two electric fields of opposite signs: positive (negative) field
of a bare hole (electron) confined within the dot and screen-
ing field of local polarizations around the dot. When the
electric field induced suain around QDs suddenly disap-
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peared due to the capture of an electron or a hole, local strain
of crystal lattice must trigger vibrations of ions and bond
electrons around the dot to relax strain and to release energy.
By applying time-dependent perturbation calculations on the
case of a mobile electron scattered on the polarization field
produced by positively charged (p-doped) dots, we obtain the
carrier capture rate of

1672 him" (o}, — ?)RY?
e*(1 = 1/e)*n'"?|K(k)|?

)

T=

Derivation of Eq. (2) can be found in Ref. 19. For given
parameters in our p-doped QD experiments (E;=35 meV,
0=2X10° nm’, K(k)=0.41, qRy=1.5, kRy=2, w,,At=2.13,
and n=2X10' cm™3), Eq. (2) gives a capture rate of 7=
~ 1.7 ps.

In conclusion, we have investigated carrier capture and
relaxation in undoped and doped InAs/GaAs QDs. We ob-
served faster capture and relaxation processes in charged
QDs compared to the undoped case at very low excitation
densities. Our results suggest that, under low excitation in-
tensity and low doping level, the relaxation of polarization
field induced by the confined charge in the quantum dot is
the dominant factor for the acceleration of carrier capture
and relaxation in charged QDs.
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