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Abstract

Observation of optical gain in silicon nanocrystals (Si-nc) is critically dependent on a very delicate balance among the
Si-nc gain cross-sections, the optical mode losses and confinement factors of the waveguide structures, the Si-nc concentration
and the strongly competing fast non-radiative Auger processes. Here we report on optical gain measurements by variable
stripe length (VSL) method on a set of silicon nanocrystals formed by thermal annealing at 1250°C of SiO, films with
different silicon contents prepared by plasma-enhanced chemical vapour deposition. Time-resolved VSL has revealed fast
component in the recombination dynamics under gain conditions. Fast lifetime narrowing and superlinear emission has been
unambiguously observed. To explain our experimental results we propose a four levels recombination model. Within a
phenomenological rate equations description including Auger processes and amplified spontaneous emission we obtained a
satisfactory agreement with time-resolved experiments and explained the strong competition between stimulated emission
and fast non-radiative Auger processes.
© 2002 Elsevier Science B.V. All rights reserved.
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This yields very low internal quantum efficiency for

1. Introduction

Silicon is an indirect band gap material and there-
fore light emission is a phonon mediated process
with low probability. In standard bulk silicon, com-
petitive non-radiative recombination rates are much
higher than the radiative ones and most of the ex-
cited electron—hole pairs recombine non-radiatively.

* Corresponding author. Tel.: +39-0461-881504; fax: +39-
0461-881696.
E-mail address: dalnegro@science.unitn.it (L. Dal Negro).

silicon luminescence. In addition, fast non-radiative
processes such as Auger or free carrier absorption
severely prevent population inversion in bulk Si at
the high pumping rates needed to achieve optical
amplification [1]. In the last decade, an intense re-
search activity has been devoted to study different
approaches to make Si a better light emitter. In par-
ticular, since the discovery of very intense room
temperature visible light emission in porous sili-
con (p-Si) by Canham at the beginning of the 1990
[2], many different approaches have been pursued
which include p-Si [3,4], silicon nanocrystals (Si-nc)
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Table 1
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Principal structural and optical parameters of the samples. Total Si in Si-nc refers to the total atomic percentage of Si in silicon nanocrystals
measured by X-ray absorption measurements [32]. Rgj-nc and ARg;j-p. are the mean value and the width of the radii distribution of the Si-nc

PL
j'max

measured by TEM,

and AP the wavelength of the maximum and width of the luminescence emission band, /P% the luminescence

intensity in arbitrary units for a fixed low pumping power, n the refractive index of the samples measured by m-line measurements at
633 nm, I' the optical confinement factor, p the Si-nc density in the sample estimated by X-ray measurements, o, the Si-nc gain cross

section at 750 nm and A%, the wavelength of the maximum gain

Sample Total Si Total Si  Rgine ARsine  APL, AL [PL 0y r P g 28 0k

name  in the film in Si-nc (nm)  (nm) (nm) (nm) (cm—3) (cm?) (nm)
(at%) (at%)

1A 46 19 2.1 1.2 938 215 086 2 0.83 4.6 x 1018 43 x 10717 721

3A 42 13 1.7 1.1 906 188 339 1.82 0.76 63 x10'8 3.6 x 10717 751

SA 39 8.5 1.5 0.7 795 136 468 1.66 0.63 833x101% — —

produced by several different techniques [5—8] (chem-
ical vapour deposition, ion implantation in SiOj,
laser ablation, gas evaporation, sputter deposition,
electrochemical dispersion) and Si/insulator multi-
layers [9,10]. These last two systems are much more
stable than p-Si, which still remains a very fragile
material not compatible with standard silicon process-
ing. Also the electrical pumping of Si-nc has been
demonstrated and, despite of the initial difficulties,
silicon LEDs are now only a factor of ten out of the
demanding optoelectronic market requirements [11].
The main future challenge for silicon microphotonics
is the demonstration of laser action in silicon-based
materials. This result would allow low cost integration
of optoelectronic functions on a single silicon chip,
representing one of the most outstanding technolo-
gical achievements. Following the initial observation
of optical gain in Si-nc prepared by ion-implantation
[12], other works [13—15] have demonstrated the pos-
sibility of stimulated emission in Si-nc despite of the
severe competition with fast non-radiative processes.
Although a clear understanding of the microscopic
gain mechanism is still under debate, it has been
realized that interface radiative states associated to
oxygen atoms can play a crucial rule in determining
the emission properties of the Si-nc systems [16].

2. Silicon nanocrystal samples
We studied Si-nc samples produced by high tem-

perature annealing of substoichiometric silicon oxide
(SiO,) thin films grown by plasma-enhanced chem-

ical vapour deposition (PECVD). The structural and
luminescence properties of such systems have been
fully discussed in Ref. [17]. Here we focus on a set
of three different samples produced with an annealing
temperature at 1250°C for 1 h and with different to-
tal Si content in the deposited oxide: 46 at% (named
1A), 42 at% (named 3A) and 39 at% (named 5A).
Some of their characteristics are reported in Table 1.
The annealing temperature at 1250°C maximizes the
PL intensity for a fixed annealing time of 1 h. The ox-
ide layer containing Si-nc was 250 nm thick and was
embedded between two 100 nm thick stoichiometric
SiO; layers to form a waveguide in order to perform
VSL measurements accurately. The waveguide was
formed on a transparent quartz substrate. An example
of the optical mode profile and of the refractive in-
dex profile is shown in Fig. 1. By such simulation the
optical mode confinement factor I" can be computed.
The mean radii of the investigated Si-nc sample, the
FWHM of the size distribution, the linear refractive
indexes, the waveguide I" factors, the Si-nc volume
density, the measured gain cross-section and the peak
gain wavelength are all summarised in Table 1.

Fig. 2 shows the luminescence and absorbance
spectra of the studied Si-nc samples. The lumines-
cence peak shifts to higher energies with decreasing
the mean Si-nc radius while the line width of the
luminescence bands narrows and the luminescence
intensity increases as the Si-nc size decreases. The
absorption of the active Si-nc layers increases at high
energy as expected on the basis of the quantum con-
finement model. Remarkable is the big Stokes-shift
between absorption edges and emission peaks. No
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Fig. 1. Spatial mode profile of the waveguide structure for one
representative Si-nc sample. Calculation has been performed by
assuming a refractive index of two for the layer containing Si-nc
and an effective 4 layers planar waveguide. The figure shows the
modelling of the sample 1A (39 at% Si).
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Fig. 2. Room temperature absorbance and normalized lumines-
cence spectra of the Si-nc samples. The luminescence spectra
were excited by the 488 nm Argon line at a pumping power of
5 mW and recorded by a germanium detector. Absorbance mea-
surements were performed by a standard UV-visible double beam
spectrophotometer.

appreciable absorption has been measured in the
wavelength region where the luminescence maxima
occur. A large debate on the origin of the lumines-
cence is still present. Many theoretical [16,18-21]
as well as experimental [5,22,23] works suggest as
the origin of the luminescence the radiative recom-
bination of an exciton trapped in an interfacial state

Laser beam

Variable slit

lase®
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Fig. 3. Sketch of the variable stripe length configuration. The
amplified spontaneous luminescence intensity Ixsg is collected
from the edge of the sample as a function of the excitation length
/. The laser beam is focused on a thin strip by a cylindrical lens.

formed at the Si—O bonds (silanone) present at the
interface between the Si-nc and the SiO, matrix.

3. Variable stripe length measurements

We measured light amplification by using the vari-
able stripe length (VSL) method [24]. In the VSL
method the sample is optically excited by a laser
beam in a stripe-like geometry (Fig. 3). The amplified
spontaneous emission signal Iasg is collected as a
function of the illuminated length / from the edge
of the sample, in a 90° configuration with respect
to the excitation. As a result of stimulated emission,
the spontaneous emitted light is amplified along the
amplification axis of the sample (waveguide axis).
Referring to a simple one-dimensional amplification
model, it is possible to relate the amplified sponta-
neous emission intensity with the small signal modal
gain coefficient gmoq and with the length 7 of the
excited region

tnse(/) = T2 et (M
mod

where Jy, is the spontaneous emitted power corre-
sponding to an appropriate emission solid angle Q. '
The modal gain coefficient is related to the material
gain coeflicient g, through the confinement factor I
of the waveguide, gmod = I'gm-

From a fit of the experimental data with Eq. (1),
the net modal gain coefficient g, 4 = I'gm — o (modal

! Considering a cylindrically shaped active medium the solid
angle Q is the angle subtended by one face of the cylinder as seen
from the centre of the other face.
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gain minus the propagation losses o) can be deduced
for every wavelength within the emission spectrum.

Although simple in principle, the VSL technique
demands special attentions. Conceptual as well as ex-
perimental flaws can easily arise. The one-dimensional
amplification model becomes meaningless at the
gain-length products where gain saturation begins to
set in. Once the gain saturation intensity /g, is deter-
mined, the limit g/ can be approximately estimated
by using the following equation [25]:

;bslsat
< —=——5—], 2
grs < nhc29M> )

where Z is the emission wavelength, A/ the emission
line shape and Q the emission solid angle.

Assuming a gain cross-section of 1077 ¢cm? for the
Si-nc and a recombination lifetime in the ps range,
the VSL measurement can be performed on our sam-
ples only for g/ < 10. For higher /, the application of
Eq. (1) is not justified.

A much more subtle experimental difficulty arises
from the pump diffraction caused by the variable slit,
as well as by the straight edge of the sample itself.
This causes non-constant pump intensity on the sam-
ple surface, in contrast to the implicit assumption
of the one-dimensional amplifier model. In order to
overcome this diffraction problem, we measured the
diffraction intensity as a function of /, simply by
performing the VSL measurement at the laser beam
wavelength. The data are compared with a Fresnel
straight edge diffraction calculation [26] in Fig. 4.
From this diffraction analysis, we are able to monitor
the uniformity of the sample excitation during the
VSL measurements simply collecting at every fixed
¢ the luminescence signal and the diffracted pump
laser intensity separately. From the specific exam-
ple of Fig. 4, it is clear that the pumping intensity
can be considered constant on the sample only in
the / range from 0.02 to 0.06 cm, where the zero
is arbitrary: this is the appropriate length interval
where the one-dimensional amplifier model can be
correctly applied. Fig. 5 reports on VSL measure-
ments performed on sample 5A (39 at% Si). If one
applies Eq. (1) in the length range where the pump is
not constant, as in Fig. Sb, an artificial positive gain
coefficient of 84 cm~! can be erroneously deduced.
As demonstrated in Fig. 5a with the measurement of
the scattered pump laser intensity, it is clear that the
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Fig. 4. Fresnel diffraction of the pump laser beam by the variable
slit: experimental data (points) and calculation (solid line). Inset:

sketch of the straight-edge diffraction of the pump laser from the
variable slit.
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Fig. 5. Room temperature VSL measurement for sample SA
(39 at% Si). (a) Fit of the data of the linear excitation regime
(solid line) yields optical losses of 40 cm~!. (b) Fit of the data
in the pump diffraction range with the VSL model yields an ap-
parent gain of 84 cm~!. (c) Pump laser beam diffraction profile
measured (points) and calculation (solid line).

length region where it makes sense to start the fitting
corresponds to the range where the diffraction of the
laser yields constant pump intensity on the sample. In
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Fig. 5a, the VSL data are fitted for excitation lengths
where the pump intensity is constant and approxi-
mately equal to 3 kW/cm?, yielding optical losses of
40 cm~!. Without a careful pump diffraction analy-
sis the proper range for VSL data interpretation and
fitting would have remained uncertain.

4. Continuous wavelength (CW) excitation VSL
results

We have performed CW excitation VSL mea-
surements by using an UV extended Argon laser
(Zexc =365 nm, maximum power 600 mW). The laser
beam has been focused through a cylindrical lens on
a straight line about 10 um wide and 1.5 mm long.
A movable slit has been used to vary the length of
the excited sample region which coincided with the
waist of the Gaussian laser beam [27]. This yields a
reduced accessible length range of roughly 0.8 mm.
The amplified spontaneous emission spectra have
been collected through a double monochromator and
detected by a photomultiplier operating in photon
counting mode.

Fig. 6 shows different VSL curves obtained on
sample 3A (42 at% Si) at different detection wave-
lengths ranging from 840 to 760 nm and at three
different pumping intensities. The maximum mea-
sured peak net modal gain was g = 52+ 5 cm™! at
760 nm for 3 kW/cm? (see Fig. 6b). Note that the
peak gain wavelength is blue-shifted by 100 nm
with respect to the luminescence peak wavelength
(Table 1). The modal gain spectrum for this sam-
ple is wide and flat: an appreciable gain coefficient
of 30 cm~! has been measured at 860 nm, too.
The excitation intensity dependence of the modal
gain is shown in Fig. 7. A transparency threshold
of 0.5 kW/cm? can be extracted. From Eq. (1), the
modal gain spectrum can be evaluated by using

1 Ixse(20)
o= [m(22C0 1)) @)

Fig. 8 compares the modal gain spectrum of sample
1A (46 at% Si) with the luminescence spectrum of the
same sample. Modal gain values as high as 60 cm™!
have been measured at 730 nm for an excitation
intensity of 3 kW/cm?. A blue-shift of the gain with
respect to the luminescence is also here observed.
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Fig. 6. Room temperature VSL curves on Si-nc sample 3A (42 at%
Si). The symbols are the data while the lines are the fit with
Eq. (1). (a) VSL at 840 nm at a pumping intensities of 1 kW/cm?.
The fit yields a net modal gain coefficient of 3745 cm—'. (b) VSL
at 760 nm at a pumping intensity of 3 kW/cm?. The net modal
gain coefficient is 5245 cm~!. (¢) VSL at 760 nm at a pumping
intensities of 1 kW/cm?. The net model gain is 41 =3 cm~'.
(d) Low power VSL curve at 760 nm (0.05 kW/cm?). The fit
yields optical losses of 34 =5 cm™1.
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Fig. 7. Pump intensity dependence of the modal gain coefficient
at three different detection wavelengths. This results are obtained
on sample 3A (42 at% Si).

The modal gain line width is 120 nm while the lumin-
escence line width is 215 nm.

Table 1 summarizes the VSL measurements on the
three samples. The optical gain is given as the nano-
crystal gain cross-section, ¢,, which is determined
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Fig. 8. Modal gain spectrum (filled squares) and luminescence
spectrum (empty circles) for Si-nc sample 1A (46 at% Si).

from the net modal gain by using

g

=1 “)

Og
where p is the Si-nc density and I' the optical con-
finement factor. Different wavelengths show different
og. Note that VSL measurements are sensitive only
to the net modal gain of the material, namely the dif-
ference between the material gain and the waveguide

L. Dal Negro et al.| Physica E 16 (2003) 297-308

propagation losses. Since propagation losses can vary
from one sample to the other it is not always possible to
measure VSL modal gain even if the Si-nc population
is inverted. We think that this is the case of sample SA
(39 at% Si). For the other samples we significantly
measured gain in a spectral region blue-shifted with
respect to the luminescence. This suggests that the
active (amplifying) Si-nc can be just a fraction of the
entire Si-nc distributions and that a strong competition
among the different Si-nc occurs.

5. Time-resolved results

To investigate the stimulated emission dynamics
time-resolved experiments are performed in two differ-
ent configurations. When luminescence is measured in
a 45° configuration, stimulated emission lifetimes are
measured. This approach is less sensitive than VSL to
the waveguide propagation losses as no optical mode
propagates through the sample. When the VSL con-
figuration is used (TR-VSL), the stimulated emission
build-up time is measured as the signal photon flux
propagates along the amplification axis. We used high
fluencies short optical pulses (6 ns, 10 Hz, 430 nm)
produced by an optical parametric oscillator pumped

3A 42% Si, T,=1250°C
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Fig. 9. Luminescence decays at the specified observation wavelengths. The thick lines are stretched exponential fits, 1(#)=1(0) exp(—(¢/7)f),
of the experimental data. The inset shows the stretched exponential f factor (circles) and the effective lifetime t (squares) as a function
of the observation wavelength. The excitation intensity was 0.5 mJ/cm?.
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Fig. 10. High fluence time-resolved VSL on sample 3A (42 at% Si). The observation wavelength was 750 nm and the detection time

window was 200 ns.

by the third harmonic of a Nd-YAG pulsed laser to
excite the samples. We detect the radiation through a
single grating spectrometer and a Hamamatsu Streak
camera with ps resolution.

Fig. 9 shows the luminescence decays at low
fluence (J,,) obtained on sample 3A (42 at% Si). The
decays are stretched exponentially with observation
energy dependent lifetimes in the range of several ps,
as already reported [28].

The most striking experimental findings appear
when we perform high J;, measurements in VSL con-
figuration. When ¢ increases from 100 to 2000 pum at
a fixed J,, Fig. 10 shows the appearance of a 15 ns
long fast contribution overlapped to the usual slow
component in the Si-nc luminescence decay. Fig. 10
shows also that the fast contribution disappears when,
at fixed / of 2000 pm, J, is decreased and when, at
fixed J, of 350 mJ/cm?, 1 is reduced. These last ob-
servations allow us to rule out the Auger as the origin
of the fast component, since the J, intensity does not
depend on /, while the Auger rate depends critically
on the J, intensity. The spectral dependence of the
fast and slow component (see Fig. 11) demonstrates
a strong blue-shift of the Si-nc light emission in the
early nanoseconds after the pulse excitation. A com-

42% Si, T,=1250°C

A.S.E. Intensity (a.u.)

O short exciting stripe
O long exciting stripe

700 750 800 850
Wavelength (nm)

Fig. 11. Line shape of the time-resolved amplified spontaneous
emission measured in VSL and integrated for a time interval of
500 ps or 100 ns after the arrival of the exciting pulse. Empty
symbols refer to the amplified spontaneous emission line shape for
an excitation length of 100 pm (named short, circles) or 600 pm
(named long, squares) measured in the CW VSL experiment for
the 3A (42 at% Si) sample.

parison with the CW VSL measurements, reported in
Fig. 11, shows that the fast component has a spectral
shape similar to the ASE band measured for long /
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Fig. 12. Room temperature time-resolved VSL curve on sample 3A
(42 at% Si). The fast peak intensity is plotted versus the excitation
length on the sample. The excitation wavelength was 430 nm at
a fluence of 200 mJ/cm?. The detection wavelength was 840 nm
and the gain coefficient deduced from the fit is 12 ecm~—!.

(where strong amplification is expected), while the
slow component spectrally overlaps the luminescence
measured for short / (where negligible amplification
occurs). To our opinion these are clear evidences of
the fast stimulated emission lifetime in Si-nc.

Fig. 12 shows the result of a TRVSL measurement
performed on sample 3A (42 at% Si). The fit of the
peak emission vs. / data with Eq. (1) yields net modal
gain coefficients ranging from 8 &3 to 20 =2 cm ™!
depending on the detection wavelength. Lower values
than those reported in the previous section are mea-
sured due to the longer wavelength of the pump laser.
As expected for the stimulated emission rate, the fast
component becomes faster as ¢ increases (Fig. 13)
because of the increased photon flux. As a further con-
firmation of the nature of the fast component, we show
its intensity threshold behaviour as a function of J;
(see Fig. 14). On the contrary, sample 5A (39 at%
Si), where no optical gain has been measured, shows
a linear power curve characteristic.

6. Rate equation model

Although a full theoretical model of the stimulated
emission processes in Si-nc is still lacking, a rather
simplified phenomenological approach is possible.
On the basis of the experimental findings we propose
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Fig. 13. Full-width at half-maximum of the fast component of
the ASE decay measured for various excitation lengths on sample
3A (42 at% Si). The scatter of the points gives an indication
of the errors in the measurements. The excitation fluence was
110 mJ/cm?. The full-width at half-maximum of the pump laser
is 6 ns.

a rate equation model to explain the major features of
our experiments: (i) the almost complete absence of
optical absorption at the peak gain emission for all the
amplifying Si-nc samples, Fig. 2; (ii) a moderate low
pumping threshold of about 0.5 kW /cm? for popula-
tion inversion, Fig. 7(iii) time-resolved VSL are char-
acterized by a fast recombination component with a
power threshold behaviour, which depends on the
excitation slit length. We must specify that fast re-
combination dynamics in the range of some ns are
typical of Auger non-radiative processes in p-Si
[29,30]. The fast dynamics of its own is not enough
to claim for optical amplification. A strong compe-
tition between Auger fast processes and stimulated
emission is present in Si-nc. For some sample, Auger
can prevail. As an example, sample 5A shows a fast
recombination dynamics in the ns range, but unlike
the amplifying samples 1A and 3A, no exponential
VSL line shape, nor intensity threshold, have been
measured. On the contrary, negative gain of the order
of —5 cm™! has been found at the maximum pump-
ing fluence. Sample 5A is indeed characterized by a
low refractive index, as reported in Table 1, therefore
a low modal confinement is expected in this case,
yielding too high optical losses which overcome the
modal gain.

Items (i) and (ii) can be explained within an ef-
fective four-level model reported on Fig. 15 (energy
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Fig. 14. Amplified spontaneous emission intensity as a function of the pump fluence for sample 3A (42 at% Si) (left) and sample 1A
(46 at% Si) (right), excited in a VSL geometry at a fixed excitation length of 2 mm. The observation wavelength was 750 nm.
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Fig. 15. (Left) Four-levels system that has been introduced to model qualitatively the recombination dynamics under gain conditions.

(Right) Schematic of the energy-configuration diagram of the silicon
inside the nanocrystal band gap by the interface oxygen atoms. The
with respect to the ground state.

levels scheme). The corresponding set of rate equa-
tions for photons and carriers includes both amplified
spontaneous emission and Auger recombination. In
particular, we assume that levels 2—4 are empty be-
fore the excitation occurs. Once the pumping starts,

nanocrystals in an oxygen rich matrix. Radiative states are formed
excited nanocrystal state can occur at a different lattice coordinate

levels begin to be populated and two different Auger
non-radiative recombination processes can in princi-
ple take place. The first mechanism consists in an elec-
tron relaxation from energy level 3 to level 2 with
the energy given to a second electron which is also
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present in the same level 3 and which is promoted to
higher lying levels in the conduction band, from which
a very fast relaxation to level 4 occurs. This Auger
process involves two electrons in the same level, and
therefore the rate of such a process depends quadrati-
cally through a coefficient Cx; on the level population
N3. Another Auger mechanism involving an electron
in the third level and a free hole in the valence band
edge (level 1) can in principle occur, where the hole
is sent deep in the valence band and then very rapidly
relaxes again to the band edge. This process, has to be
proportional, through a coefficient Ca,, to the product
of the population of the emitting level 3 (V3) and the
hole concentration in the valence band edge (N;). Ny
equals the total concentration of electrons in the var-
ious excited levels, that is Ny= N,+N3+N,;. Within
the four-level scheme we are proposing, the relaxation
times of electrons from levels 4 and 2 are so fast that
N4 and N, are always almost empty. Therefore N, ~
Nj3. Hence, the following set of coupled rate equation
has to be integrated:

dn;
ditl = —op¢p(t)Ni + 'y N2,
dN. N-
Tz -3 I' N, —|—Bl’lph(N3 —N;)
t T
+(Ca1 + Ca2)N3,
dN- N-
d—; = —73 — Bnpn(N3 — N2) + T'i3Ns — CaN3,
dn.
d7t4 = Ca1N? + ap¢p(t)Ny — '43Ny,
dn n N-
o = VB (Ny = Ny) = 7 4 g2, (5)
t ‘Cph TR

where N; represent the level population densities
(i=1,...,4), op is the absorption cross-section at the
wavelength of the pump, ¢p is the time-dependent
pumping photon flux, I';; are the relaxation rates from
the 7 to the j energy levels, 7 is the total lifetime of
the emitting level N3, B is the stimulated transition
rate which implicitly contains the gain cross-section
o, npp is the emitted photons number, V, is the opti-
cal mode volume, 7y, is the photon lifetime, f is the
spontaneous emission factor and tg is the radiative
lifetime of N;. Cya is an effective Auger coefficient

equal to 2Cx; + Cay, taking into account both of the
two particles Auger processes (e—e or e—h).

It is possible to observe optical gain whenever the
stimulated emission rate is greater than the Auger
recombination rate. From Eq. (5) it is possible to
define a stimulated emission lifetime as

LR R N (6)

Tse = 5 nc g >
Bng, 3 cacnpp

where we have introduced the Si-nc volume fraction
¢ and where the relation, B = ac¢/V, valid under the
assumption of monochromatic incident light, is used.
It is worth noticing that the inverse dependence of 7
on ¢ and on g, as discussed in Ref. [31]. An equivalent
Auger recombination time can be defined as follows:

1
T 2CAN;

A (7)
It is clear from the discussion that to observe opti-
cal gain 1/15 = 1/14; or equivalently, if we define a
competition factor C = t4/7s, C > 1. This poses a
condition on the volume fraction.

The proposed rate equation model fits qualitatively
the experimental data. Fig. 16 shows an example.
It turned out that gain cross section of the order of
10~'7 ¢cm? are large enough to compensate for Auger
processes as fast as 1 ns in our best samples. Compe-
tition factors as high as 1.1-1.5 (depending both on
the sample characteristics and excitation rates) can be
deduced by these decay line shape analysis.

7. Discussion

The observation of optical gain in both ion im-
planted [12] and PECVD formed Si-nc demonstrates
that this effect is not exclusively related to the Si-nc
preparation processes but it is an intrinsic property of
the Si-nc themselves. Unfortunately, the key material
parameters that determine the possibility of having op-
tical gain are not yet fully mastered. Despite of a clear
understanding of the gain mechanism is still lacking,
the field is under rapid improvement and other groups
reported results similar to ours [13—15].

Here, we have proposed an effective four-level
model to treat qualitatively the strong competition be-
tween Auger recombination and stimulated emission.
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42% Si, T,=1250°C (1um thick)

P.L.Intensity (a.u.)

Time (ns)

Fig. 16. (Symbols) Room temperature time-resolved decay curve
on a sample with the same production parameters as sample
3A (42 at% Si) but a larger thickness of 1 pm. The detec-
tion wavelength was 750 nm. (Solide line) Emitted photon num-

bers obtained by solving the four levels model with an Auger

lifetime of 20 ns, a gain cross-section of 1.2 x 10~17 cm?, a

Si-nc density of 6 x 10'® cm—3 and a pumping photon flux of
10'° photons/(s cm?). (Dashed line) Emitted photon numbers ob-
tained by solving the four levels model with the same parameters
but neglecting stimulated emission. All the curves are normalized
to unity.

This is still a phenomenological model and we need
a theory of the optical properties of Si-nc in SiO,
and of their interface. However, we can suggest a
possible nature for this four-level model. From X-ray
absorption studies and ab initio calculations [32],
strong evidences emerge that the Si-nc are coated
by a 1 nm thick transition region that constitutes a
shell of stressed silica on Si-nc. One can speculate
that this stressed SiO, layer enhances the forma-
tion of interface oxygen-related states (silanone?) on
the surface of Si-nc, which can relax when excited.
A sketch of such energy-configuration diagram is
shown in Fig. 15. Many theoretical papers [18-20],
reports the energetic of silanone-like molecule as a
function of the Si—O interatomic distances. Fig. 15
shows that when electrons/holes are excited, they can
relax into the Si==O surface states which in turn un-
dergo a lattice relaxation modifying their energetic.
Within this scheme the 1 and 4 levels of the rate
equations are associated with pure Si-nc states while
the 2 and 3 levels to the ground and excited silanone
states.

8. Conclusions

Gain has been measured on a set of PECVD Si-nc
samples produced by high temperature annealing at
1250°C of SiO, thin films with different silicon con-
tents. Continuous-wave UV excitation VSL measure-
ments show a low threshold (0.5 kW/cm?) positive
optical gain of the order of 50 cm~! at pumping
intensities of 3 kW/cm?. Large Stokes-shift between
luminescence and gain has been found. High power
time-resolved luminescence and VSL have been
performed showing the onset of stimulated emission.
Superlinear light emission and stimulated emission
lifetime narrowing have been demonstrated. A four-
level model which includes amplified spontaneous
emission and Auger processes has been introduced
and a simple criterion for the onset of optical gain in
Si-nc samples has been proposed. Good qualitative
agreement with measured time-resolved decays has
been found.
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