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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 0 cm
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. 2603 American Institute of Physics.
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One of the main future challenges for silicon micropho-  This sample shows optical gain in continuous wave
tonics consists in the demonstration of a laser action irmeasurements. To investigate the stimulated emission dy-
silicon-based materiafs® Following the initial observations namics, time-resolved experiments were performed in the
of optical gain in silicon nanocrystal{S§i-nc prepared by ion one-dimensional amplifier configuratiofpumping through
implantation® other works have recently demonstrated thethe surface and collection of the guided light from one edge
presence of stimulated emission in Si‘né.As in other of the samplg This method, also called the variable stripe
quantum dot-based systeffsa severe competition with ef- length(VSL) method™ measures the amplified spontaneous
ficient nonradiative processes, mainly nonradiative Augeemission(ASE) as a function of the excitation lengthand
processes, is present in Si-nc yielding very fast dynamics imllows measuring the stimulated emission build-up time as
the optical gairf. Although a clear understanding of the mi- the signal photons propagate along the amplification axis.
croscopic gain mechanism is still under debate, it has beeflthough simple in principle, VSL techniques applied to Si
suggested that interface radiative states associated with oxpes can present some experimental difficulties which have
gen atoms can play a crucial role in determining the emissiobeen fully discussed elsewheéf™ High fluence short opti-
properties of the Si-nc systerd’ Here, we report on light cal pulses6 ns, 10 Hz, and 355 nnhproduced by the third
amplification dynamic studies in Si-nc and discuss a possiblbarmonic of a Nd-YAG laser were used to excite the
gain model. samples. A single grating spectrometer and a visible streak

Si-nc samples were produced by high-temperature arcamera have been used to detect the time-resolved signal.
nealing of substoichiometric silicon oxide (SiCthin films  Edge emission was collected by a>X2@®ptical microscope
grown by plasma-enhanced chemical-vapor deposition on @bjective with a numerical aperture of 0.3, which is larger
quartz substrate. The structural and luminescence propertigan the output numerical aperture of the waveguide sample,
of these systems have been fully discussed elsewhereallowing for constant collection efficiency over the whole
Here, we focus on a sample produced with a total silicorpumping lengtht> Special care has been used both to keep
content of 42 at. % and annealed at 1250 °€ ¥ch which  the fluence lower than the sample damage threshold and to
yields closely packed Si ncs with a mean diameter of 1.7 nnavoid the collection of stray light of the pump laser pulkes.
and a size distribution 1.1 nm wide. Such a wide size distri- When measurements are performed in the usual lumines-
bution is reflected in a wide luminescence baii®8 nm  cence configuratiofemission collected through the sample
wide) peaked at 908 nm. The Si-nc-rich lay@60 nm thick surfacg and at low pumping fluencé,, the luminescence
was embedded between two 100 nm thick amorphous SiOdecays are stretched exponentials with observation energy
layers to form an optical waveguide. Considering a refractivelependent lifetimes in the range of 10 to p8*'® How-
index of 1.82!! the optical confinement factor of the wave- ever, when the VSL configuration is used, a fast ns decay
guide was estimated to be 74%. component shows up.Figure ¥a) shows the normalized
edge emission intensity decay as a functiordgfor a long
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FIG. 1. (panel & Normalized ASE at 760 nm measured in the VSL geometry FIG. 2. (panel a Points: ASE peak intensity at 760 nm vs the excitation
with a fixed pumping lengtii=2 mm and at the different pumping fluences length at pump fluence of 200 mJ/&nFull line: Fit of the data with the
reported on the plotpanel b Normalized ASE at 760 nm measured in the one-dimensional amplifier model which yields a net modal gain value of
VSL geometry with the various pumping length reported on the plots and forl2+3 cm*. (panel b Open circles: ASE peak intensity of the fast compo-

a fixed pumping fluence of 183 mJ/&m

nal has some very peculiar characteristics:

(i)

(iii)

nent vs the pumping fluence. Filled circles: Lifetime of the ASE decay as a

function of the pumping fluence. The lifetime has been extracted from the
experimental decays as theIntensity time. The solid lines are power-law

to the slow component. The fast component of the ASE Sig_fits to the intensity data. Excitation length was 2 mpanel ¢ ASE spectra

It disappears when either the excitation lendths
decreased at a fixed, [Fig. 1(b)] or whenJ,, is de-
creased for a fixed [Fig. 1(@)], i.e., it is not only
related to the pump photon flux densifjuence but
also to the length of the one-dimensional amplifier.
The fast component intensity also depends on the sig-
nal photon flux density all along the pumped region.
Its peak intensityl .se Shows a superlinear increase
versus¢ for high J,, [Fig. 2(a)] which can be fitted
with the usual equatioff |age(€)=Js )/
Omod(€9mod — 1), wherelg, is the spontaneous emitted
power corresponding to an appropriate emission solid
angleQ) andg,,.qis the small signal net modal optical
gain. In Fig. 2a), gmeq=12+3 cm 1.

| ase Shows a threshold behavior versisFig. 2(b)]:
at low J,, |AsE°<JB with n=0.5 suggesting a strong
Auger limited regimé,” while, for higherJ,, when
the population inversion is achieved~3 is mea-
sured, suggesting the onset of the stimulated emission
regime.

The lifetime of the fast component signal decreases

enteredFig. 2(b)]. From a rate equation analy$i¥*a

(V)

measured for a fixed excitation length-2 mm and pumping fluence of 200
mJ/cnt for two different integration time windows. Dotted line is the signal
integrated during the first 100 ns after the excitation while the full line is the
signal integrated for 50@s. The wavelength region is fixed by the experi-
mental setup.

Tee™ 4/377Rﬁggacnph, where R,,; is the average Si
ncs radius ¢ is the Si ncs volume fractionr is the
emission cross section per nc, amg, is the number

of emitted photons. An effective Auger recombination
time can also be defined ag=1/2C,N, whereC, is

an effective Auger coefficient and is the density of
photoexcited electron—hole paisThe initial slow
decrease of the effective lifetime is probably due to
the decrease of the Auger lifetime, while the fast de-
crease of the lifetime over the threshold is due to the
fast decrease of the stimulated lifetime caused by the
large increase of the amplified photon flux density
(superlinear increase ofsg).

The fast component spectrum is broad and strongly
blueshifted with respect to that of the slow component

[Fig. 2c)].

Let us comment in more detail on some of these charac-
significantly when the stimulated emission regime isteristics. Our data demonstrate the presence of a fast recom-

bination dynamics related both to the pumping intensity and

stimulated emission lifetimerg, can be defined as to the pumped length. A fast component in the luminescence
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decay of heavily photoexcited porous silicon has been attribbroadening mechanisms, such as different atomic surface
uted to Auger recombinatiort$:}® Auger recombinations are configurations or strain fields, acting on small interface lo-
indeed able to explain the appearance of a fast nonradiativealized atoms or small silicon inclusions efficiently pumped
recombination at high pumping rates,(decreases a\ in- by Si-nc through energy transfer.

creases, i.e., ak, is increasey] but they are always coupled In conclusion, optical gain dynamics have been studied
with a saturation of the luminescence. On the contrary, wén Si-nc samples. High-power time-resolved VSL measure-
measured that 5sg increases superlinearly both when the ments show the onset of stimulated emission with a fast in-
photon flux(proportional ton,,;) is increased by increasirfy  version lifetime. The existence of two different recombina-
[Fig. 2@] at a fixedJ,, and when, for longf, J, is in-  tion mechanisms within a four-level model for the optical
creased. In addition, the Auger lifetime is independent on thgain was considered. It is clear that more theoretical and
internal photon flux while we measured a significant short-experimental works are needed to explain the observed fast
ening of the lifetime(the fast component emerges from the gain in Si-nc.

slow component in the decayhen the excitation length is )
increasedFig. 1(b)]. This work has been supported by INFM through the
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