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ABSTRACT

Time-resolved luminescence measurements on silicon nanocrystal waveguides have revealed
afast recombination dynamics, related to population inversion which leads to net optical gain.
The waveguide samples were obtained by thermal annealing of plasma enhanced chemical
vapour deposited thin layers of silicon rich oxide 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 cm™. Both the fast component intensity and its
temporal width revealed threshold behaviour as afunction of the incident pump intensity. A
modelling of the decay dynamicsis suggested within an effective four level rate equation
treatment including the delicate interplay among stimulated emission and Auger recombinations.

INTRODUCTION

One goal for silicon microphotonics consists in the demonstration of alaser device based on
silicon [1,2]. Following the initial observations of optical gain in highly packed silicon
nanocrystals (Si-nc) prepared by ion-implantation [3], other works have recently demonstrated the
possibility of stimulated emission in Si-nc [4-6]. Nanosecond gain dynamics [4] and evidences for
speckle patterns [5] in the spatially coherent emission have been recently reported.

Asin other quantum dot based systems [7,8], a severe competition with efficient non-radiative
processes, mainly Auger type, is present in Si-nc, which causes very fast dynamicsin the optical
gain. Although a clear understanding of the microscopic gain mechanism is still under debate, it
has been realised that interface radiative states associated with oxygen atoms can play a crucial
role in determining the emission properties of the Si-nc systems [9,10]. Here we report on light
amplification dynamic studies in Si-nc and we propose a simple phenomenological model to
explain our experimental results.

TIME RESOLVED VARIABLE STRIPE LENGTH RESULTS

We studied Si-nc samples produced by high temperature annealing of substoichiometric silicon
oxide (SIOy) thin films grown by plasma enhanced chemical vapour deposition (PE-CVD) on a
guartz substrate. The structural and luminescence properties of these systems have been fully
discussed elsewhere [11]. Here we focus on a representative sample produced with atotal Si
content of 42 at.% and with an annealing temperature of 1250 °C for one hour which yields
closaly packed Si-nc with a mean diameter of 1.7 nm. The Si-nc rich layer (250 nm thick) was
embedded between two 100 nm thick SiO, layers to form an optical waveguide. Considering the
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measured refractive index of 1.82, the optical confinement factor of the waveguide was
estimated to be 74 %. To investigate the stimulated emission dynamics, time-resolved
experiments were performed in the one dimensional amplifier configuration (pumping through
the surface and collection of the guided light from one edge of the sample). This approach, also
called variable stripe length (VSL) method [12], allows to measure the stimulated emission
build-up time as the signal photons propagate along the amplification axis (amplified
spontaneous emission, ASE). Although ssmplein principle, VSL techniques applied to Si-nc can
present some experimental difficulties which have been fully characterised elsewhere [13,14].
High fluence (J,) short optical pulses (6 ns, 10 Hz, 355 nm) produced by the third harmonic of a
Nd-YAG pulsed laser were used to excite the samples. Care has been used to keep the fluence
lower than the sample damage threshold. A single grating spectrometer and a visible streak
camera have been used to detect the time resolved signal. When the VSL configuration was used,
edge emission was collected by a 20X optical microscope objective with a numerical aperture of
0.3 larger than the output numerical aperture of the waveguide sample. This allows constant
collection efficiency over the whole pumping length.
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Figure 1. () Time resolved amplified spontaneous emission (A.S.E.) spectraintegrated over 100 ns (dashed line) or
500 ps (full line). A pumping length ¢=2mm, fluence of 240 mJcm2, laser wavelength 355 nm were used. (b)
Pumping length ¢ and pumping fluence dependence of A.S.E. time decay.

Figure 1a shows the time resolved ASE spectra at two observation time scales. For long
integration times of 500 s the usual broad emission lineshape centred at 900 nm is measured.
This emission has similar spectral feature as the usual luminescence from Si-nc [11]. On the
contrary, when thefirst 30 ns are considered, afast recombination component appearsin the
decay dynamics (Fig. 1b) and the spectral shape of the ASE signal is blue shifted at 700 nm. The
fast component disappears when either the excitation length ¢ is decreased at afixed J, or when
J is decreased for afixed ¢ (Fig. 1b). In addition the peak intensity of the fast component shows
asuper linear increase vs ¢ for high J, which can be fitted with the usual one-dimensional
amplifier equation [15] yielding anet optical gain of 12 + 3 cm™ at 760nm (Fig. 2a). Modal gain
values ranging between 8 cm™ and 20 cm™ are measured depending on the detection wavel ength.
When the samefit is performed on the slow component, optical losses of about 20-30 cm™ can be
extracted. In addition, the fast component peak intensity shows a threshold behaviour vs J, (Fig.
2b): at low J, the emission is sublinear to apower 0.5 in adouble logarithmic scale suggesting a
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strong Auger limited regime [16], while for higher J, population inversion is achieved and a
superlinear increase to a power =3 is measured, suggesting the onset of the stimulated regime.
Moreover, the full width at half maximum FWHM of the fast component signal decreases
significantly when the stimulated regimeis entered (Fig. 2b).
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Figure 2. (a) Amplified spontaneous emission (ASE) peak intensity (circles) versus the excitation length for a
wavelength of 760nm and pump fluence of 200mJcm? Thefull lineis afit of the data with the one-dimensional
amplifier model which yields a net modal gain values of 12 + 3 cm™. (b) ASE peak intensity and full width half
maximum (FWHM) of the fast component versus the pumping fluence. The pumping length is fixed at £ = 2mm.

Fast component in the luminescence decay of heavily photo excited porous silicon has been
attributed to Auger recombinations [16,17]. Auger recombinations can explain the appearance of
afast non radiative recombination at high pumping rates, but not the superlinear increase of the
VSL signal asafunction of ¢ and as afunction of J,, nor the significant shortening of the
emission temporal profile when stimulated emission setsin.

RATE EQUATION MODELING

These experimental data (Fig. 1 and 2) supports a phenomenological model based on afour level
system where a strong competition between fast Auger processes and stimulated emission is
considered. The following set of rate equations describes the moddl:
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Figure 3. (Top) Time decay of the photoluminescence signal measured at 0.4 mJcm? (open squares) and at 1 mJ/cm?
(open circles). Pumping wavelength was 430 nm. The solid lines are the simulations of the emitted photon obtained
by solving the set of rate equations with the following parameters: C,=50x10* cm®s™ (yielding an Auger lifetime of
6 ns at the peak fluence), dp=3x10% photons s'cm? and ¢»=3x10% photons s'cm’?, 6p=10"°cm?, 6=10""cm?,
N=6x10" cm?®, p=4.5x10"*, o=3cm™, 1/1=10°s?, T4 ="y = 10®° s?, 1/1£=107s" and d=10"*cm. The dashed lineis
the simulation when the stimulated emission is neglected while Ca=30x10™* cm®s™ to have an Auger lifetime of
6.46 ns at peak fluence as in the other simulation. (bottom) Luminescence decay (open circles) at a pumping fluence
of 15 mJcm? The lines are simulations with (full line) or without (dashed line) positive optical gain with the same
parameters as in the top panel except for ¢s=3x10** photons s*cm? and C,=30x10™ cm’s™ yielding an Auger
lifetime of 2.3 ns a peak fluence. The density of emitting centers and the emission cross section that yield the best
agreement with experimental data are respectively N=6x10"%cm and 6=1.5x10""cn?.
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where N; represent the level population densities (i=1,..,4), op IS the absorption cross section at
the pump wavelength, ¢e is the time dependent pumping photon flux, I'j; are the relaxation rates
from thei to the | energy levels, risthe lifetime of the emitting level N3, B is the stimulated
trangition rate which implicitly contains the gain cross section o, ngh is the number of emitted
photons, V. is the optical mode volume, ;nis the photon lifetime, Ais the spontaneous emission
factor and 7z isthe radiative lifetime of N3. Ca isan effective Auger coefficient equal to 2Caz
+Caz if two different Auger processes are considered. Thefirst consists of an electron relaxation
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from level 3 to 2 with the energy given to a second electron which is excited from level 3 to
higher lying levels from where it rapidly relaxes to the pumping level 4. This process involves
two electrons in the same level: its rate depends quadratically through the coefficient Ca; on Na.
The other Auger mechanism involves an electron in level 3 and a hole in the valence band: the
electron recombines while the hole is excited in the valence band and then very rapidly relaxes
again. This process is proportional, through a coefficient Cpy, to the product of N3 and the hole
concentration Ny, Np= No+Nsz+ Ny = N3 asthe relaxation from levels 2> 1 and 4> 3isso fast that
levels 2, 4 are almost empty. As ageneral criterion, optical gain can be observed whenever the
stimulated emission rate is greater than the Auger recombination rate [18]. Figure 3 reports
experimental data and numerical calculations for the normalized luminescence decay as a
function of the pumping rate. A fast recombination component builds up when the pumping rate
is high enough to create population inversion. Because of the reduced propagation losses, in a
time resolved luminescence experiment stimulated emission lifetimes can be measured at
considerably lower fluencies than in TR-VSL (Fig. 2). On the other hand, since the effective
photon propagation length is much smaller the rate of increase above threshold is weak. Good
gualitative agreements are observed for a reasonable set of simulation parameters both at low and
high pumping rates. Note that the agreements cannot be reached when stimulated emission is
turned off, unless the Auger contribution is set extremely large: Auger lifetime of 50-70 ps at the
peak photon flux. Within the four level recombination model it turned out that an emission (gain)
cross section of the order of 10" cm? is large enough to compensate for Auger processes with
typical lifetimes asfast as 2-10 ns. It isinteresting to note that the used Auger coefficients of
about 30x10'em®s™!, when normalized over the Si-nc density yield an increased effective bulk
Auger coefficient of ~ 102 cmP®s* with respect to the accepted value for bulk Si of =~ 10%° cm®s™?,
as expected for alow dimensional system.

Let us briefly comment on the nature of the involved four levels. X-ray absorption studies and
ab-initio DFT calculations [19] suggest that Si-nc in SO, are coated by a 1 nm thick stressed
silicashell. This stressed SIO, could enhance the formation of oxygen-related states, like
silanone bonds [9,10,20-22] at the interface between Si-nc and SIO,. The energetic of silanone-
like bond as a function of the Si=0 interatomic distancesis for Si-nc typical of afour level
scheme, with different local surface atoms rearrangements for the Si-nc ground and excited state
configurations, originating a significant Stokes shift between absorption and luminescence
[10,20,21,23]. Within this scheme, photon excitation induces a strong structural relaxation of
small H-saturated and O-saturated nanocrystals leading to new transitions involving surface
localized states. In this picture levels 1 and 4 are associated with absorption transitions in the Si-
nc ground state configuration while levels 2 and 3 are associated to the localized states in the
excited state configuration. The broad and blue-shifted gain spectrum could be understood in
terms of molecular-like inhomogeneous broadening mechanisms, such as different atomic
surface configurations or strain fields, acting on small interface localized atoms or small silicon
inclusions efficiently pumped by Si-nc through energy transfer. It remains clear however that
accurate theories must still be developed for a detailed explanation of the relevant Si-nc gain
physics.

CONCLUSION

Optical gain dynamics has been studied in Si-nc samples. High power time-resolved
luminescence and V SL measurements show the onset of stimulated emission with fast inversion
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lifetime. A four-level model which includes amplified spontaneous emission and Auger
processes has been introduced and a ssimple criterion for the occurrence of optical gainin Si-nc
samples has been proposed. Good qualitative agreement with measured time-resolved decays has
been obtained.
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