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Dynamics of stimulated emission in silicon nanocrystals
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Time-resolved luminescence measurements on silicon nanocrystal waveguides obtained by thermal
annealing of plasma-enhanced chemical-vapor-deposited thin layers of silicon-rich oxide have
revealed fast recombination dynamics related to population inversion which leads to net optical
gain. Variable stripe length measurements performed on the fast emission signal have shown an
exponential growth of the amplified spontaneous emission with net gain values of about 10 cm21.
The fast emission component is strongly dependent on the pumping length for fixed excitation
intensity. In addition, both the fast component intensity and its temporal decay revealed threshold
behavior as a function of the incident pump intensity. ©2003 American Institute of Physics.
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One of the main future challenges for silicon microph
tonics consists in the demonstration of a laser action
silicon-based materials.1,2 Following the initial observations
of optical gain in silicon nanocrystals~Si-nc! prepared by ion
implantation,3 other works have recently demonstrated t
presence of stimulated emission in Si-nc.4–6 As in other
quantum dot-based systems,7,8 a severe competition with ef
ficient nonradiative processes, mainly nonradiative Au
processes, is present in Si-nc yielding very fast dynamic
the optical gain.4 Although a clear understanding of the m
croscopic gain mechanism is still under debate, it has b
suggested that interface radiative states associated with
gen atoms can play a crucial role in determining the emiss
properties of the Si-nc systems.9,10 Here, we report on light
amplification dynamic studies in Si-nc and discuss a poss
gain model.

Si-nc samples were produced by high-temperature
nealing of substoichiometric silicon oxide (SiOx) thin films
grown by plasma-enhanced chemical-vapor deposition o
quartz substrate. The structural and luminescence prope
of these systems have been fully discussed elsewhe11

Here, we focus on a sample produced with a total silic
content of 42 at. % and annealed at 1250 °C for 1 h which
yields closely packed Si ncs with a mean diameter of 1.7
and a size distribution 1.1 nm wide. Such a wide size dis
bution is reflected in a wide luminescence band~188 nm
wide! peaked at 908 nm. The Si-nc-rich layer~250 nm thick!
was embedded between two 100 nm thick amorphous S2

layers to form an optical waveguide. Considering a refract
index of 1.82,11 the optical confinement factor of the wav
guide was estimated to be 74%.

a!Present address: Materials Processing Center, Department of Material
ence and Eng., Massachusetts Institute of Technology; electronic m
dalnegro@mit.edu
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This sample shows optical gain in continuous wa
measurements.12 To investigate the stimulated emission d
namics, time-resolved experiments were performed in
one-dimensional amplifier configuration~pumping through
the surface and collection of the guided light from one ed
of the sample!. This method, also called the variable strip
length~VSL! method,13 measures the amplified spontaneo
emission~ASE! as a function of the excitation length, and
allows measuring the stimulated emission build-up time
the signal photons propagate along the amplification a
Although simple in principle, VSL techniques applied to
ncs can present some experimental difficulties which h
been fully discussed elsewhere.14,15 High fluence short opti-
cal pulses~6 ns, 10 Hz, and 355 nm! produced by the third
harmonic of a Nd–YAG laser were used to excite t
samples. A single grating spectrometer and a visible str
camera have been used to detect the time-resolved sig
Edge emission was collected by a 203 optical microscope
objective with a numerical aperture of 0.3, which is larg
than the output numerical aperture of the waveguide sam
allowing for constant collection efficiency over the who
pumping length.15 Special care has been used both to ke
the fluence lower than the sample damage threshold an
avoid the collection of stray light of the pump laser pulses12

When measurements are performed in the usual lumin
cence configuration~emission collected through the samp
surface! and at low pumping fluenceJp , the luminescence
decays are stretched exponentials with observation en
dependent lifetimes in the range of 10 to 50ms.12,16 How-
ever, when the VSL configuration is used, a fast ns de
component shows up.4 Figure 1~a! shows the normalized
edge emission intensity decay as a function ofJp for a long
excitation length. At lowJp , a simple decay is observed wit
a slow rate slightly dependent on the fluencies, while at h
Jp , a fast decay component emerges which is superimpo

ci-
il:
6 © 2003 American Institute of Physics
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to theslow component. The fast component of the ASE s
nal has some very peculiar characteristics:

~i! It disappears when either the excitation length, is
decreased at a fixedJp @Fig. 1~b!# or whenJp is de-
creased for a fixed, @Fig. 1~a!#, i.e., it is not only
related to the pump photon flux density~fluence! but
also to the length of the one-dimensional amplifi
The fast component intensity also depends on the
nal photon flux density all along the pumped regio

~ii ! Its peak intensityI ASE shows a superlinear increas
versus, for high Jp @Fig. 2~a!# which can be fitted
with the usual equation:13 I ASE(,)5Jsp(V)/
gmod(e

gmod,21), whereJsp is the spontaneous emitte
power corresponding to an appropriate emission s
angleV andgmod is the small signal net modal optica
gain. In Fig. 2~a!, gmod51263 cm21.

~iii ! I ASE shows a threshold behavior versusJp @Fig. 2~b!#:
at low Jp , I ASE}Jp

n with n50.5 suggesting a stron
Auger limited regime,17 while, for higherJp , when
the population inversion is achieved,n'3 is mea-
sured, suggesting the onset of the stimulated emis
regime.

~iv! The lifetime of the fast component signal decrea
significantly when the stimulated emission regime
entered@Fig. 2~b!#. From a rate equation analysis,8,12a
stimulated emission lifetimetse can be defined as

FIG. 1. ~panel a! Normalized ASE at 760 nm measured in the VSL geome
with a fixed pumping length,52 mm and at the different pumping fluence
reported on the plots.~panel b! Normalized ASE at 760 nm measured in th
VSL geometry with the various pumping length reported on the plots and
a fixed pumping fluence of 183 mJ/cm2.
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3 /jscnph, where Rnc is the average S

ncs radius,j is the Si ncs volume fraction,s is the
emission cross section per nc, andnph is the number
of emitted photons. An effective Auger recombinatio
time can also be defined astA51/2CAN, whereCA is
an effective Auger coefficient andN is the density of
photoexcited electron–hole pairs.12 The initial slow
decrease of the effective lifetime is probably due
the decrease of the Auger lifetime, while the fast d
crease of the lifetime over the threshold is due to
fast decrease of the stimulated lifetime caused by
large increase of the amplified photon flux dens
~superlinear increase ofI ASE).

~v! The fast component spectrum is broad and stron
blueshifted with respect to that of the slow compone
@Fig. 2~c!#.

Let us comment in more detail on some of these char
teristics. Our data demonstrate the presence of a fast rec
bination dynamics related both to the pumping intensity a
to the pumped length. A fast component in the luminesce

r

FIG. 2. ~panel a! Points: ASE peak intensity at 760 nm vs the excitati
length at pump fluence of 200 mJ/cm2. Full line: Fit of the data with the
one-dimensional amplifier model which yields a net modal gain value
1263 cm21. ~panel b! Open circles: ASE peak intensity of the fast comp
nent vs the pumping fluence. Filled circles: Lifetime of the ASE decay a
function of the pumping fluence. The lifetime has been extracted from
experimental decays as the 1/e intensity time. The solid lines are power-law
fits to the intensity data. Excitation length was 2 mm.~panel c! ASE spectra
measured for a fixed excitation length,52 mm and pumping fluence of 200
mJ/cm2 for two different integration time windows. Dotted line is the sign
integrated during the first 100 ns after the excitation while the full line is
signal integrated for 500ms. The wavelength region is fixed by the expe
mental setup.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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decay of heavily photoexcited porous silicon has been att
uted to Auger recombinations.17,18Auger recombinations are
indeed able to explain the appearance of a fast nonradia
recombination at high pumping rates (tA decreases asN in-
creases, i.e., asJp is increased!, but they are always couple
with a saturation of the luminescence. On the contrary,
measured thatI ASE increases superlinearly both when t
photon flux~proportional tonph) is increased by increasing,
@Fig. 2~a!# at a fixedJp , and when, for long,, Jp is in-
creased. In addition, the Auger lifetime is independent on
internal photon flux while we measured a significant sho
ening of the lifetime~the fast component emerges from t
slow component in the decay! when the excitation length is
increased@Fig. 1~b!#.

Edge emission intensity (I ASE) turns out to be superlin
ear with respect to the pumping fluence above a charact
tic threshold. This soft ASE threshold is a direct conseque
of the onset of stimulated emission. The saturation expon
n50.5 of the below threshold emission is typical of intr
nanocrystals Auger recombination.17,18 The threshold sepa
rates two regimes~Auger and stimulated emission! where
two different recombination mechanisms are present: ei
two very different recombination centers in the same Si
~i.e., defect centers and quantum confined excitons! or two
different emission centers~e.g., two nc populations or de
fects in the SiO2 matrix pumped through the Si-nc and exc
ton recombination in the Si-nc!. One is dominating at low
excitation powers and suffers of Auger saturation; wh
above a certain power threshold, the stimulated emissio
the other is observed: These other centers are responsib
the observed optical gain. The presence of different rec
bination mechanisms in our sample is also evidenced by
clear difference in the spectral dependence of the fast an
the slow component. The strong blueshift in the fast com
nent can be thought of as originating only from the ga
active centers that contribute above threshold. This schem
compatible with a four-level model for the observed optic
gain.2,12

It is interesting to speculate about the nature of th
centers. Defects in bare SiO2 are excluded as bare SiO2 does
not show any optical gain at these wavelengths. Excess S
SiO2 , possibly in the form of a Si-nc, is needed to obse
optical gain. X-ray absorption studies andab initio density
functional theory calculations suggest that Si-nc in SiO2 are
coated by a 1 nmthick stressed silica shell.19 This stressed
SiO2 could enhance the formation of oxygen-related sta
like silanone bonds,9,10,19–24at the interface between a Si-n
and SiO2 or in the stressed SiO2 shell. The energy of a
silanonelike bond as a function of the SivO interatomic
distances is typical of a four-level scheme, originati
a significant Stokes shift between absorption a
luminescence.10,20–23Within this scheme, photon excitatio
induces a strong structural relaxation of small O-satura
nanocrystals leading to transitions involving surface loc
ized states.24 The broad and blueshifted gain spectrum co
be understood in terms of molecularlike inhomogene
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broadening mechanisms, such as different atomic sur
configurations or strain fields, acting on small interface
calized atoms or small silicon inclusions efficiently pump
by Si-nc through energy transfer.

In conclusion, optical gain dynamics have been stud
in Si-nc samples. High-power time-resolved VSL measu
ments show the onset of stimulated emission with a fast
version lifetime. The existence of two different recombin
tion mechanisms within a four-level model for the optic
gain was considered. It is clear that more theoretical a
experimental works are needed to explain the observed
gain in Si-nc.

This work has been supported by INFM through t
project RAMSES. The authors acknowledge Z. Gaburro
technical support and fruitful discussion.
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