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Femtosecond spectrally resolved two-color three-pulse nonlinear spectroscopy is used to study the
dynamics and coherence properties of excited carriers in Si quantum dot structures embedded in
silicon nitride. A very short dephasing time of ⬍180 fs at room temperature is observed. Ultrashort
population relaxation times of ⬃400 fs and 6 – 10 ps are measured and discussed in the context of
the different contributions from transverse optical and transverse acoustic phonon-assisted
transitions. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2695977兴
The investigation of semiconductor quantum structures,
such as quantum dots, has attracted much attention in recent
years for fundamental research and device applications.1
The development of devices based on quantum structures
requires an understanding of the optical properties, such as
decoherence, radiative lifetimes, mechanisms of coherent
coupling, and interaction with the phonon bath. Spectroscopic methods, especially time resolved spectroscopy
techniques, such as pump-probe,2 time resolved
photoluminescence,3–5 four-wave mixing, and photon
echoes,6–9 have proven to be powerful tools for studying the
optical properties of quantum structures.
The development of efficient silicon light-emitting materials based on silicon nanostructures opens a new phase for
applications related to the optoelectronic properties of silicon, which has been the backbone of advances in electronics
for several decades. Quantum dot 共QD兲 structures in a SiO2
matrix have been fabricated previously and their optical
properties have been studied.5,10 In dielectric matrices, the
effective mobility of carriers in the QDs and the tunneling
between them depends on the spacing of the QDs. Transport
properties are also expected to depend on the matrix in
which the silicon quantum dots are embedded. The tunneling
probability is strongly dependent on the height of the barriers. Si3N4 and SiC give lower barriers than SiO2, allowing a
larger dot spacing for a given current.11
When quantum dots are built from direct-gap semiconductors, e.g., InAs, the low-temperature photoluminescence
is characterized by sharp spikes confirming the atomic-like
nature of the emitting states. However, for indirect-gap semiconductor quantum dots, such as silicon, the emission and
absorption spectra are more complex.12,13 In indirect-gap
bulk materials, the purely electronic optical transition at the
band edge is forbidden due to momentum conservation requirements, and only phonon-assisted transitions can occur.
In quantum structures, the k selection rule is broken14,15 and
both zero-phonon and phonon-assisted transitions can contribute to the optical properties near the band edge. The multiphonon broadening by low acoustic-phonon modes is suba兲
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stantial, and hence the total broadening is large and the
emission and absorption spectra from small silicon QDs do
not correspond to sharp spikes.16 The relative contributions
and influence of zero-phonon and phonon-assisted transitions
on the optical properties of Si QDs are not well understood
and require more detailed study.
In this letter we use femtosecond spectrally resolved
two-color three-pulse nonlinear spectroscopy to study the dynamics and coherence properties of excited carriers in Si QD
structures embedded in silicon nitride 共SiN兲. A very short
dephasing time, the ultrashort decay times of “hot” excited
carriers, and the contribution of different phonon modes in
the carrier dynamics are deduced and discussed.
In the three-pulse nonlinear spectroscopy used here,
three ultrashort pulses with pulse widths of about 100 fs are
used, two pump pulses with wave vectors k1 and k2, wavelength 1 = 2 and time delay between them t12, and a probe
pulse with wave vector k3, time delay t23 共between pulses k2
and k3兲 and wavelength 3 which can be different from or
the same as 1. The nonlinear signal generated in the phase
matched directions, e.g., k4 = −k1 + k2 + k3, can, to some approximation, be considered to arise from the third-order polarization and is analyzed on this basis.17–19 In our experiment the signal is detected in the reflected direction of k4 by
a spectrometer equipped with a charge coupled device array
共spectral resolution ⬍1 nm兲 and measured over a range of
fixed delay times t12 or t23 while scanning the other delay
time t23 or t12, respectively. Positive time is defined as when
the k2 pulse precedes k1 for the t12 delay or k3 for the t23
delay.
The sample for this study consists of ten bilayers of Si
quantum dot superlattices in a nitride matrix. A typical high
resolution transmission electron microscope image shows
spherical Si nanocrystalline quantum dots with 4 nm
diameter.
The peak at about 600 nm 共see inset in Fig. 2兲 in the
photoluminescence and inverse reflection spectra 共which are
similar to absorption spectra兲 is assigned to the band-edge
transition. With the pump wavelength 共laser pulses k1 and
k2兲 at 600 nm, we expect that the laser pulse generates carriers predominantly around the band edge. With the pump
wavelength at 545 nm, we expect that the laser pulse inter-
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FIG. 2. 共Color online兲Time evolution of the signal intensity vs delay time t23
with t12 = 0 for different probe wavelengths. The pump wavelength is
545 nm. The inset shows the photoluminescence 共PL兲 and inverse reflection
共1/R兲 spectra at room temperature.

FIG. 1. 共Color online兲 Spectra of three-pulse nonlinear signals vs delay time
t12. The delay t23 is fixed at 160 fs 关共a兲 and 共c兲兴 or 0 fs 关共b兲 and 共d兲兴. The
wavelengths of the laser pulses are 545 nm 关共a兲 and 共b兲兴 and 600 nm 关共c兲
and 共d兲兴. The time evolution of the signal intensity at 545 nm 共e兲 and
600 nm 共f兲 is recorded with a spectral window of 2 nm.

acts with phonon-assisted transitions to the band edge and
with transitions whose energy is higher than that of the conduction band minimum, hence generating either electrons
and holes with large excess energy 共hot electrons/holes兲 or an
increased phonon density.
Let us discuss scanning of delay time t12, the dephasing
time. When the wavelengths of the pump and probe 共k3兲
pulses are the same, the coherent interaction of the laser
pulse and the excited system is strongest, and this is the case
in the experiments discussed below, where the cases of 545
and 600 nm excitations are discussed.
For a fixed delay t23 = 160 fs a symmetric intensity profile centered at t12 = 0 with a decay time of ⬃40 fs 共for both
positive and negative time delays兲 as a function of t12 is
detected, as seen in Figs. 1共e兲 and 1共f兲. The signal spectrum
关Figs. 1共a兲 and 1共c兲兴, which is the same as the spectrum of
the probe pulse, indicates that the observed signal involves
the diffraction of the probe pulse by the grating induced by
the two pump pulses, and that the spectrally integrated signal
关Figs. 1共e兲 and 1共f兲兴 reflects the time profile of the laser
pulse. For a fixed delay t23 = 0 a slight extension of the signal
to negative delay t12 and a peak shift19 are seen, as shown in
Figs. 1共e兲 and 1共f兲. For t23 = 0, the negative delay of t12 favors
rephasing processes and a photon echo signal can be
generated.19 The amplitude of the photon echo signal is expected to decay as a function of t12, with a decay rate of
4 / T2,18 where T2 is the dephasing time. While the difference
of the time profiles for the fixed delays at t23 = 0 and
t23 = 160 fs 关Figs. 1共e兲 and 1共f兲兴 is small, the peak shift on the
time axis and the difference in the spectra for the two cases is
clear 关Figs. 1共a兲–1共d兲兴. The broadening of the spectrum and
the peak shift for t23 = 0 indicate that the detected signal in
this case is not simply the diffraction of the probe pulse and
that an additional signal is generated in the sample from

induced nonlinear polarization,18 and hence there is some
finite dephasing time for the probed transitions. Based on the
assumption that the signal at negative t12, with a decay time
of ⬃45 fs, contains a photon echo on top of the contribution
from the overlap of the laser pulses, a dephasing time
T2 ⬍ 180 fs is obtained.
Let us discuss scanning of the population time t23. The
time evolution of the nonlinear signal versus delay t23 provides information about the relaxation time of excited carriers. By studying the relaxation dynamics in this way, the
excited states are probed directly, as opposed to time resolved photoluminescence which relies on the radiative
emission of the excited carriers. This is particularly interesting in Si QD systems where there is a combination of
phonon-assisted and zero-phonon transitions.15,20–22
In crystalline Si, different phonon modes, i.e., the transverse optical 共TO兲, longitudinal optical 共LO兲, and transverse
acoustic 共TA兲 phonon modes, with a maximum phonon energy of 65 meV,16 can contribute to the optical properties.
The TO modes dominate the phonon-assisted optical transitions in weakly confined nanocrystalline Si with small contributions from LO and TA phonons.15,20,21 Experimental
studies21 and theoretical calculations16 show that the ratio of
optical to acoustic phonon-assisted processes is of the order
of 10 and appears to be independent of the confinement
energy.16
In this study, the two pump pulses are set to 545 nm and
the wavelengths of the probe pulse are 535, 545, 575, and
600 nm. The nonlinear 共transient grating兲 signals detected in
these experiments, with t12 = 0, are shown in Fig. 2 as a function of delay t23. In all cases, a rapid rise time that does not
vary with different probe wavelengths is observed. This suggests that the same electronic states are being probed in each
case and that the carriers are generated in a hot phonon bath.
Following the rapid rise, there are three decay components present, two of which are clearly apparent in Fig. 2 and
a much longer lived 共⬎50 ps兲 component that appears as an
offset in these results. It has been shown previously5 that the
lifetime of excited carriers in such systems is of the order of
microseconds, and so it is expected that this contributes to
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the slow component. In this type of experiment there is an
additional mechanism by which the signal can decay, that of
diffusion and drift of the carriers. Experiments in which the
angle between the two pump beams 共and hence the transient
grating period兲 is varied indicate that the two short lived
components observed in Fig. 2 are independent of the grating
period; however, the decay rate of the longer lived component 共⬎50 ps兲 does actually vary as a result of the diffusion
of carriers, as discussed in detail elsewhere.23 Fits to the
experimental data using two exponentials with a long decay
共⬎50 ps兲 as an offset show that the shorter decay occurs
with a lifetime of approximately 400 fs and is essentially
independent of excitation wavelength. The lifetime for the
other decay component does, however, vary with increasing
probe wavelength, giving values of 6.5, 6.5, 7.5, and 10 ps
for probe wavelengths of 535, 545, 575, and 600 nm,
respectively.
From previous studies of intraband transitions in directgap semiconductors, it is expected that the optical phonons
emit and decay on a short time scale.24 Based on this assumption, the short lifetime 共⬃400 fs兲 is attributed to the
rapid decay of the TO phonon density. This decay of TO
phonons leads to a decrease in the efficiency of the corresponding phonon-assisted transition being probed, which
manifests as a change in the complex refractive index of the
sample and so is observed in the detected nonlinear signal.
The ratio of the amplitude of the short 共400 fs兲 to the long
共⬎6.5 ps兲 decays is in the range of 8–11 for probe wavelengths of 535, 545, and 575 nm. This ratio is roughly
equivalent to the value of 10 predicted for the ratio of the
transition probabilities of TO to TA phonon-assisted transitions. This observation suggests that the longer lived component may be due to the decay of the TA phonons generated
by the excitation, observed through the TA phonon-assisted
transition. This is supported by the observed decrease in the
decay rate of this slower component with increasing probe
wavelength, which is explained as follows: Following excitation at 545 nm the phonon density is high, and this is expected to decay over time, leading to a decay in the signal
due to phonon-assisted transitions and relaxation of optical
phonons into acoustic phonons.25 As the wavelength of the
probe is increased, the acoustic-phonon density increases and
fewer phonons are required to assist the transition, i.e., multiphonon processes decrease, and the decay of the signal is
slower.
When the sample is probed with 600 nm pulses, several
other processes become important, e.g., zero-phonon transitions, and it is no longer possible to separate the different
regions of the decay into specific transitions.
In conclusion, two-color three-pulse spectrally resolved
nonlinear spectroscopy has been used to study the carrier

dynamics in Si quantum dots embedded in SiN. The strong
phonon scattering leads to very short dephasing times
of ⬍180 fs. Decay of the TO phonon population and the
localization of hot carriers contribute to a short decay observed through the TO phonon-assisted transitions, and the
decay of TA phonons leads to a longer decay component.
From these results the different contributions of TO and TA
phonon-assisted transitions to the carrier dynamics can be
separated.
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