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Net optical gain in silicon nanocrystals(Si-nc) has been measured by pump and probe transmission
experiments. Si-nc active layers have been produced by plasma enhanced chemical vapor deposition
on transparent quartz substrates. Continuous and pulsed pump and probe transmission
measurements have shown clear evidences of net probe amplification with fast(nanosecond)
response time. Transfer matrix and rate equations modeling of the nonlinear signal transmission
allowed to extract the gain spectra for different pump intensities yielding good qualitative agreement
with the experimental data. Gain cross sections per nanocrystals of the order of 3310−16 cm2 have
been deduced. The physical origin of the optical amplification is interpreted within a four level
recombination model describing the dynamics of strongly localized excitons at the Si-nc/SiO2

interface. ©2004 American Institute of Physics. [DOI: 10.1063/1.1803613]

I. INTRODUCTION

Since the early demonstration of room temperature pho-
toluminescence in low-dimensional silicon nanostructures,1 a
variety of fabrication techniques have been used to produce
silicon nanocrystals(Si-nc) with different sizes and size dis-
tributions allowing for widely tuneable emission bands. Al-
though quantum confinement of carriers within the Si-nc is
supposed to play a major role in increasing both the lumi-
nescence yield and the Si-nc emission energies, the exact
nature of the radiative recombination mechanism still re-
mains an open issue.1 It is not clear whether emission is due
to phonon assisted recombination of quantum confined exci-
tons in Si-nc2,3 or to radiative recombination of localized
carriers at the Si-nc/SiO2 interface.4 In particular, many the-
oretical as well as experimental works4–11 have suggested
that oxygen-related centers and the geometrical relaxation of
excited Si-nc can play a key role in the light emission pro-
cess. More strikingly, optical gain in Si-nc has been demon-
strated recently by several groups,12,13 stimulating an excit-
ing debate on its strengths and origin.

At present, optical gain has been observed in Si-nc
samples prepared by different techniques: Si ion
implantation,12,14 plasma enhanced chemical vapor deposi-
tion (PECVD),9–11 chemical deposition of amorphous
silicon/silica superlattices,15 electron beam deposition of
SiOx films,16 colloidal synthesis of silicon particles,17 sol-gel
dispersion of porous silicon fragments.18 Optical gain has
been measured in Si-nc rich waveguides by looking at the
nonlinear increase of the amplified spontaneous emission

(ASE) with the excitation volume.19 ASE is characterized by
a fast(nanosecond time scale) time dynamics with an inten-
sity threshold to superlinear behavior.8,10,15,20 In addition,
probe signal amplification in pump and probe transmission
experiments under high pumping excitation conditions has
been observed12 and laser oscillations with spatially coherent
speckle patterns in Si-nc light emission have been reported.17

Among all the different experimental approaches, impor-
tant information can be achieved by time resolved experi-
ments of the ASE signal from Si-nc waveguide. In addition
to the usual slow emission decay peculiar of Si-nc(micro-
seconds range), an intense ASE fast emission(nanoseconds
time scale) appears either by increasing the pump fluence or
by increasing the excitation volume.8–11,15ASE occurrence is
the consequence of a delicate balance between Auger nonra-
diative recombinations and stimulated emission recombina-
tions: whenever the Si-nc stimulated emission lifetime is
shorter than the Auger lifetime optical gain can occur in Si-
nc. Moreover, stimulated emission lifetime shortens as the
Si-nc density increases and it critically depends on the pump-
ing conditions.8–11 Thus, materials properties as well as geo-
metrical waveguide factors affect both the strength and the
possibility of optical gain. Indeed, some Si-nc samples do
not show optical gain in ASE studies21 or in pump/probe
waveguide studies.22 This shows that the phenomenon is not
completely understood and that the material itself has still to
be optimized. Indications suggest that the gain is related to
localized state recombinations either in the form of Si-Si
dimers17 or in the form of SivO bonds formed at the inter-
face between the Si-nc and the oxide23 or within the oxide
matrix.24 The model introduced in Refs. 7, 9, and 11 relies on
a four level recombination scheme where a large lattice re-
laxation in photoexcited small Si-nc gives rise to localized
energy levels within the fundamental Si-nc band gap.
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Further indications of optical gain are reported here by
studying the nonlinear transmission of Si-nc samples. The
transmission of a weak probe beam resonant to the stimu-
lated emission transitions is measured as a function of the
intensity of a strong pump beam with a short wavelength.
Increase of the transmitted probe beam intensity with respect
to the intensity of the beam in air reveals the occurrence of
net optical gain. Since the continuous wave(CW) pump
beam used here is usually very intense(some kW/cm2), the
effect of additional thermal nonlinearities(thermal lensing,
self-diffraction, etc.) is carefully considered. In particular,
the response time of the nonlinear transmission shows that
the transmission changes occur on a nanosecond timescale.
The observation of fast transmission changes allows us to
neglect the effects of thermally related experimental artifacts.
We will address some of these important issues in the Ap-
pendix.

II. EXPERIMENT

We studied Si-nc samples produced by high temperature
annealing of substoichiometric silicon oxidesSiOxd thin
films grown by PECVD on a quartz substrate. The structural
and luminescence properties of these systems have been
fully discussed elsewhere.9 We focus here on two represen-
tative samples characterized by different total Si content: a
sample obtained by deposition of 42 at. % of Si named
sampleA, and a sample obtained by deposition of 39 at. % of
Si, named sampleB. More detailed characteristics of these
samples are listed in Table I. In both samples, the layer con-
taining the Si-nc was 250 nm thick and it was embedded
between two 100 nm thick deposited SiO2 layers in order to
form a slab waveguide structure. The ASE data collected on
these two samples have been already reported in Ref. 9 and
11. SampleA shows gain while sampleB does not. This is
attributed to the delicate interplay between Auger recombi-
nations and stimulated emission that prevents population in-
version in sampleB. Indeed sampleB has a lower refractive
index than sampleA which is indicative of a lower packing
density of Si-nc in sampleB than in sampleA.

In this experimental study, we investigate the nonlinear
transmission of a weak probe beam as a function of the pump
beam intensity, according to different excitation conditions.
Figure 1 shows the geometry common to all our experi-
ments, where normal incidence of the probe beam was used
(to avoid pump-power dependent beam steering effects)
while the pump beam was incident with an angle on the

sample surface. A video camera imaged the surface of the
sample to check the relative positions of the pump and probe
spots.

For CW experiments, the probe beam was supplied by
the monochromatized emission of a short-arc air-cooled
1000 W Xe lamp whose intensity stability was carefully
monitored. Spatial filtering of the probe light by two small
pinholes allows a clean focusing of the probe beam on the
sample surface to a 100mm diameter spot. No difference in
the experimental results was observed as a function of the
spectral width of the probe beam. We also used an HeNe
laser lines632.8 nmd in some experiments. The probe beam,
whose intensity on the sample surface was smaller than some
mW (power density lower than few mW/cm2), was normally
incident on the sample surface. In some experiments, the
transmitted probe beam was imaged onto the entrance slit of
a double spectrometer and detected using photon-counting
technique. In others, when the probe beam was tightly mono-
chromatized or when the HeNe laser was used, the transmit-
ted probe beam was imaged onto a large area silicon photo-
detector connected with a digital oscilloscope triggered by a
fast photodiode. Signal averaging was needed in this last
case, degrading the time response of the system to<1 ms.
Spatial filtering was used on the collection line to reduce the
luminescence signal from the sample excited by the high
intensity of the pump beam. When the probe beam was
switched off, a measure of the luminescence signal could be
done. We performed experiments using as a pump beam the
457 nm or the 365 nm lines of an UV-extended Ar laser,
focused at about 45° onto the sample surface which results in
an ellipsoidal shaped spot of 2003100 mm2. The pump
beam was chopped at about 24 Hz.

For pulsed excitation experiments, we used as probe
beam an He-Ne lasers632.8 nmd or a CW diode laser
s780 nmd and we excite the sample with a pulsed pump laser

TABLE I. Total atomic Si content(obtained from Rutheford backscattering experiments measurements), tem-
peratures of thermal treatmentTA, Si-nc concentrationj, Si-nc radius estimated from transmission electron
microscopy measurements, photoluminescence PL maximaslmd, absorption coefficient at 400 nmsa0d, and
modal gaing measured in ASE experiments[Ref. 10] at a wavelength of 750 nm.

Name
Si content

(at. %)
TA

(°C)
Si-nc

(at. %)
j

scm−3d
krl

(nm)
lm

(nm)
a0

s3103 cm−1d
g

scm−1d

A 42 1250 13 6.3031018 1.7 906 9.1 48
B 39 1250 8.5 8.3331018 1.5 795 4.1 −40

FIG. 1. Sketch of the pump and probe geometry used.
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beams355 nmd. The pump beam was provided by the third
harmonic of a Nd:yttrium alluminum garnet(YAG) laser
whose repetition frequency was 10 Hz and pulse duration
was 6 ns. Its intensity was varied by using a polarizing cube
which prevented any displacement of the spot on the sample
surface as it can occurs with neutral density filters. We em-
phasize here that this strategy allowed us to maintain a very
good alignment of the two beams regardless of the pumping
intensity used. A camera continuously monitors the relative
alignment of the pump and probe beam in all CW and pulsed
experiments. The transmitted probe beam intensity was re-
corded by using a spectrometer and an ultrafast(10 ps time
resolution) Hamamatsu streak camera used in photon-
counting mode. Spectral filtering of the sample luminescence
turns out to be crucial when performing experiments at high
pulse fluence since the sample emission can significantly af-
fect the experimental results. Lenses were used to focus the
probe beam on a spot sizes1 mmd smaller than the spot size
of the pump beam on the sample(1 cm wide). Care was used
to keep the pump beam fluence lower than the damage
threshold of the sample.

III. DATA ANALYSIS

As the pump beam is pulsed or chopped, we recorded
the transmitted intensity under three different pumping con-
ditions.

(1) Sample photoexcited(pump beam on the sample) but
no probe beam on the sample, which allows to measure the
luminescence and the noise signal at the wavelength of the
probe beam, namedIPL.

(2) Both the pump and the probe beam on the sample,
which allows to measure the transmitted probe beam inten-
sity when the sampleis photoexcited, namedION.

(3) No pump beam on the sample but the probe beam on
the sample, which allows to measure the transmitted probe
beam intensity when the sampleis not photoexcited, named
IOFF.

Let us defineTOFF= IOFF/ I0 andTON= ION− IPL/ I0, where
I0 is the incident probe beam intensity. Then the transmission
enhancement caused by the photoexcitation isTsample

=TON/TOFF= ION− IPL/ IOFF.
In a very simple modeling, if we use the Beer’s law then

IOFF= IO exp†− saQZdQZ + aSi-ncsJP = 0ddSi-ncd‡, s1d

whereaQZ sdQZd is the absorption coefficient(thickness) of
both the quartz and the SiO2 layers, andaSi-nc sdSi-ncd the
power dependent absorption coefficient(thickness) of the
Si-nc layer, when the pump power densityJP is zero. If we
assume that the effect of photoexcitation is simply to change
the properties of the Si-nc, then

ION − IPL = IO exp†− faQZdQZ + aSi-ncsJPddSi-ncg‡. s2d

By dividing these two expressions we get that

Tsample= expf− aSi-ncsJPd + aSi-ncsJP = 0dg

= exps− DaSi-ncdSi-ncd < 1 − DaSi-ncdSi-nc

= 1 +gdSi-nc, s3d

whereg is the Si-nc gain coefficient.Tsampleis related to the
differential absorptionDaSi-nc of the Si-nc. This holds only
when it is assumed that the pump beam has no effect on the
transmission properties of the quartz and SiO2 layers. The
last equality in Eq.(3) is verified whenever other nonlinear
effects, such as saturation of optical transitions, absorption
bleaching, optical stark effects, etc., are negligible. In this
case and ifTsample.1 we have a direct evidence of probe
beam amplification due to optical gainsg.0d. On the other
hand if we measureTON.1 we have a direct measure of
probe beam amplification with respect to the overall losses in
the structure.

IV. CONTINUOUS WAVE EXCITATION RESULTS

Figure 2 shows the time profile ofTsample of the CW
probe beam(provided by a He-Ne laser at 632.8 nm) in pres-
ence of a chopped CW pump beam for low(bottom panel)
and high(top panel) pumping power density as measured by
a large area Si photodetector(sensible element size 1 cm2).
The detector was positioned closes,2 cmd to the sample
without any optical elements in between in order to avoid
heat induced geometrical probe beam distortions and thermal
lensing effects on the probe beam(see Appendix). Apart
from a noisy weak modulation, no influence on the probe
transmission is observed at low pumping power(see Fig. 2
bottom). On the contrary, at high pump power density, a
strong modulation of the transmitted signal is observed
which follows the on-off modulation of the pump beam. A
statistical analysis of the data shows that the increase of
Tsampleis significant as it is larger than one standard deviation
of the data(see inset in Fig. 2). The limited response time of
the apparatus(large area photodiode and electronics) causes
the initial transient. The same time constant is also observed
when the luminescence signal alone is recorded. However,
after the initial transients1 msd the transmitted intensity sig-

FIG. 2. Tsample(straight line) of sampleA pumped by a 457 nm laser pump
and temporal profile of the pump laser beam(dark line): (top panel)
2 kW/cm2 pump intensity(bottom panel) 50 W/cm2 pump intensity. The
probe beam was provided by an He-Ne laser at 632.8 nm. The inset shows
the histogram ofTsamplefor the top panel.
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nal is constant excluding major heating problems or damag-
ing of the sample. On these basis we attributed the transmis-
sion enhancement to probe beam amplification.

Figure 3 shows the pump power densityJP dependence
of Tsampleat a wavelength of 750 nm. The monochromatized
emission of the Xe lamp provided the probe beam. Time
averaging of the signal allowed to achieve a typical standard
deviations of 0.007 inTsample(error bars in Fig. 3). If we use
Eq. (3) with the assumption that −DaSi-nc=g, then Tsample

−1/dSi-nc<g<NSi-ncs⇒s<Tsample−1/dSi-ncNSi-nc, wheres
is the Si-nc gain cross section. IncreasingJP the gain in-
creases, at a criticalJP<0.5 kW/cm2 transparency is
reached where the gain equals to the losses in the substrate
and above it single pass net gain is observed. The gain values
turn out to be a linearly increasing function ofJP up to a
value of about 1600±300 cm−1 ssg<3310−16 cm−2d. For
JPù1 kW/cm−2, gain saturation is observed.

Figure 4 shows the spectral dependence ofTOFF andTON.
In these measurements, the probe beam was provided by the
broad band emission of a Xe lamp and a synchronous detec-
tion of TON andTOFF was made possible by using two detec-
tion chains. It should be noted thatTON andTOFF are normal-
ized with respect to the intensity of the probe beam incident
on the sample which was measured by the same apparatus in
absence of the sample.TOFF does not depend onJP (Fig. 4,
top panel). TOFF shows clear interference fringes which are
caused by the multilayered structure of the sample.TON

shows the same interference fringes(no dramatic heating ef-
fect on the real part of refractive indices). In addition, in a
region centered at about 700 and 100 nm wide,TON in-
creases significantly with increasingJP and reaches the trans-
parency thresholdsTON=1d at about 0.5 kW/cm2. Note that
the interference fringes structure is not affected by the pump
power, i.e., the maxima and minima do not shift withJP. For
even greaterJP, TON is larger than 1. In this region the probe
beam is amplified with respect to its value before the sample,
i.e., the sample shows high values of the optical gain which
compensates even for the losses caused by probe beam
propagation in the quartz substrate. No similar effect is ob-
served in a reference quartz substrate without Si-nc. Other
samples show either an increase in the transmitted intensity
up to the transparency or no influence of the pump beam
(sampleB). On theTON curve for the maximumJP used we
added the standard deviation of the data as error bars to

emphasize that the increase ofTON is in excess of the mea-
surement errors. Note also thatTOFF is measured synchro-
nously with TON the pump beam is chopped andTON and
TOFF are measured during the time the pump is present or
absent on the sample. The multiple symbols forTOFF in the
figure refers to the variousJP used to measureTON. The
spread of theTOFF data is less than the power induced in-
crease ofTON for the largestJP used.

To extract the gain spectra, a transfer matrix calculations
of the transmission through the sample has been performed.
The experimental data ofTOFF were simulated by consider-
ing the sample formed by four optical layers(see inset in
Fig. 4) characterized by a thickness of 270, 117 nm,
500.13mm and a refractive index of 1.98, 1.50, 1.35 for the
Si-nc layer, the silica cladding layers and the quartz sub-
strate, respectively.TON was simulated with the same param-
eters except that a wavelength dependent positive imaginary
part in the refractive indexn was used for the Si-nc layer,
wheren=n+ ik andk=1/4pgsldl. gsld was the only free
function in the simulation and was described by a gaussian
profile. Quite good simulations of theTON data for the vari-
ousJP have been achieved(see lines in Fig. 4 bottom panel).
The resulting gain spectra for the variousJP are shown in
Fig. 5. As JP increases, both the peak and the width of the
gain spectrum increase, a weak blueshift is also observed. By
comparing the gain spectra with the luminescence spectra, a
very large blueshift in the gain is observed. Figure 6 com-
pares the gain spectrum at highJP measured in this work
with the spectral dependence of the fast component of the
ASE measured by time-resolved variable stripe length mea-
surements in Refs. 9–11. Despite the very different experi-
mental methods and the different pumping conditions, the

FIG. 3. Tsample (sampleA) as a function of the pump power density for a
probe beam wavelength of 750 nm and pump beam wavelength of 365 nm.
The dashed horizontal line is the transparency threshold with respect to the
probe beam in air.

FIG. 4. Transmission spectra(points) for increasing pumping power densi-
ties integrated during the time interval when the pump beam is on(bottom
panel) or is off (top panel). The various pump powers and the relative
symbols are given as legend in the graph. The lines are simulation of the
experimental data for the various power densities. The thick line in the
bottom panel is the no pump results of the simulation of top panel.(Inset)
Sketch of the experiment and of the sample structure. SampleA was used.
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two spectra show remarkable similarities indicating that the
physical origin of the gain as measured by pump-probe ex-
periments and of the stimulated emission observed in lumi-
nescence experiments are the same.

V. PULSED EXCITATION

In the preceding section we have shown several evi-
dences of single pass amplification in Si-nc systems. How-
ever, the measurements had a 1 ms time resolution due to
experimental constrains . To investigate the response time of
the nonlinear transmission change due to optical amplifica-
tion we performed a time resolved experiment where we
measured the transmitted intensity of a CW probe beam(at
632.8 or 780 nm) when the sample was excited by a pulsed
pump beam. Figure 7 reports the time dependence ofION,
IOFF, andIPL for sampleA under a high excitation fluenceF.
The bottom panel refers to a probe beam of 633 nm where
the luminescence is weak and the top panel refers to a probe
beam of 780 nm where the luminescence intensity is high. In
Fig. 7, IOFF and ION coincides except when the sample is
excited with the short pump pulse. In coincidence with the
arrival of the pump pulse on the sample,ION increases for
few nanoseconds and then decreases. The time dynamics of

ION reflects the time dynamics of the fast component of the
luminescence observed in Si-nc,10 which is reflected in the
time dependence ofIPL shown as the weak signal in Fig. 7.
Note that the time profiles were recorded with exactly the
same experimental parameters except for the presence/
absence of the probe beam signal. Quite interesting the time
profiles of the signal measured when the pulsed excitation
was present and when the pulse excitation was absent are
coincident apart for the time when the sample is photoex-
cited. This means that no significant heating or damaging of
the sample occurs in the experiments. The top panel refers to
the data at 780 nm: at this wavelength the luminescence is
very strong and is characterized by a two component decays,
one fast due to ASE and one slow due to exciton
recombinations.10

In order to test whether a transmission enhancement is
observed, the peak intensity ofION and IPL are used to com-
puteTsample. Since we recorded the data using photon count-
ing techniques, the intensity counts are distributed according
to a Poisson distribution and, hence, the errors on the inten-
sity I is equal to ÎI.25 For a probe wavelengthlprobe

=632.8 nmION increases by 114±35 counts when the pump
beam is exciting the sample while the peak intensity ofIPL

reaches a maximum value of only 65±8 counts. That isION

under the pulsed excitation increases more than the contribu-
tion to ION due to the photoluminescence signal. This is a
clear evidence of probe beam amplification and the lifetime
of this effect exactly coincides with the one observed in the
fast PL as a result of optical amplification. The same applies
for lprobe=780 nm. HereION increases by 449±47 counts
while IPL=382±19 counts on the maximum.

We repeated the measurements on sampleB which does

FIG. 5. Gain coefficient spectra used in the transfer matrix modeling of the
transmission data of Fig. 4 for various pump power densities. The spectrum
on the right is the luminescence spectrum of the sample measured at low
pump power.

FIG. 6. (bottom panel) Spectral dependence ofTsamplefor sampleA. Pump
wavelength 365 nm and intensity 1.5 kW/cm2. Dotted line is the result of
the transfer matrix model.(Top panel) Spectral dependence of the amplified
stimulated emission(ASE) measured on sampleA on a time integration
window of 100 ns. The pumping fluence is 200 mJ/cm2. After Ref. 8.

FIG. 7. Time dependence of the transmitted probe beam intensity in pulsed
photoexcitation conditions. The line is the transmitted intensity when the
pulsed pump laser was present. The dotted line is the transmitted intensity
without the pulsed pump laser. The line labeled PL is the signal measured
when the pump beam was exciting the sample but no probe beam was
present. Sample is sampleA. The probe wavelength is 623.8 nm for the
bottom panel and 780 nm for the top panel.
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not show optical gain in time-resolved variable stripe length
measurements.9 Figure 8 reports the time dependence ofION,
IOFF andIPL for sampleB for high F. ION increases when the
sample is excited, but the increase is only due to the lumi-
nescence of the sample. NoTsample.1 is observed.

VI. RATE EQUATION MODELING

We have already proposed7,9,11a full set of rate equation
for a phenomenological description of optical gain in Si-nc.
Our model considered the interplay of nonradiative Auger
recombinations within a four level system(Fig. 9) whose
microscopic nature is currently under debate. Here we sim-
ply aim to discuss a nonlinear transmission model based on
the integration of the four level population rate equations.
The direct observation of nonlinear probe beam amplification
allow us to neglect the Auger contributions in a first approxi-
mation.

The set of steady state rate equations in our simplified
model is given by

dN0

dt
= − sPfPN0 + w10N1 = 0,

dN1

dt
= sfN2 − sfN1 +

N2

t
− w10N1 = 0,

dN2

dt
= w32N3 − sfN2 + sfN1 −

N2

t
= 0,

dN3

dt
= sPfPN0 − w32N3 = 0,

o
i

Ni = Ntot, s4d

where Ni represent the level population densities(i
=0, . . . ,3, Fig. 9) which sum up toNtot the active center
density in the system,sP is the absorption cross section at
the pump wavelength,fP is the pumping photon flux,wij are
the relaxation rates from thei to the j energy levels,f is the
probe beam photon flux, andt is the total lifetime of the
emitting level N2. The positive small-signal gain cross sec-
tion s allows for probe beam amplification.

After some algebraic manipulations on the system(4), it
can be demonstrated that the population inversion term can
be simply expressed as

N2 − N1 =
Ntot

S1 +
w10 + sf

sf + 1/t
+

w10

w32
+

w10

sPfP
DS

w10 − 1/t

sf + 1/t
D .

s5d

On the other hand, the propagation equation for the probe
beam photon fluxf is

]f

]z
= − sN1 − N2dsf. s6d

The integration of the propagation Eq.(6) can be performed
analytically once the population differenceN1−N2 has been
computed. Note that the population inversion term depends
on the probe beam photon flux density via Eq.(5) which
accounts for gain saturation effects. Let us define for a
sampled long, the transmission asT=fout/fin, where fin

andfout are the incidentsz=0d and transmittedsz=dd probe
photon flux, respectively. After some computations we can
achieve a quite simple implicit expression relating the pump
beam photon fluxfP with the system transmissionT

fP =

w10w32

sP
Ssfins1 − Td −

lnsTd
t

D
w32lnsT0dSw10 −

1

t
D + finsT − 1ds2w32s + w10sd + Sw10

t
+

w32

t
+ w32w10DlnsTd

, s7d

FIG. 8. Time dependence of the transmitted probe beam intensity in pulsed
photoexcitation conditions for sampleB and a probe wavelength of
632.8 nm.

FIG. 9. Sketch of the four level recombination system used for the nonlinear
transmission calculations.
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whereTo=exps−sNtotdd. Figure 10 reportsT versusfP for a
set of Si-nc parameters reported in the figure caption. We
notice that since the effect of propagation losses and reflec-
tion is not included, the model yields transparency(transmis-
sion equal to one) at low pump values, while increasingfP

the transmission grows nonlinearly because of stimulated
emission up to saturation.

Figure 11 shows a qualitative comparison between the
model and the experimental data for sampleA. A similar
trend with a nonlinear growth of transmission up to a 4%
whenfP is increased over three orders of magnitude is ob-
served, even though the pump photon flux involved in the
simulations are smaller than the experimental ones. This
could be due to the simple assumptions of neglecting the
optical losses and of assuming an ideal pumping efficiency.
Also other nonradiative recombination paths should be in-
cluded in the model to get a better quantitative agreements.
However, our aim here was to show that a simple nonlinear
transmission model based on a set of rate equations can
qualitatively describe the experimental findings. This rein-
forces the overall physical interpretation of the experimental
results which is based on similar results obtained via ASE
studies.9–11

VII. CONCLUSIONS

Net optical amplification of a probe beam through a
Si-nc sample has been measured with different experimental

set-ups. Gain cross section per nanocrystal similar to the one
measured in Ref. 12 on ion implanted samples or estimated
in Ref. 10 for PECVD samples are deduced by these mea-
surements. Note that larger material gain is reported in Ref.
12 than in this work, possibly due to a larger Si-nc density in
the ion implanted samples. However it is clear that more
work is needed to understand the role on the gain of the
various material parameters. A fast(nanoseconds time scale)
response time of the nonlinear transmission has been mea-
sured in agreement with the occurrence of a fast emission
component under high fluence pulsed excitation in ASE ex-
periments. The optical amplification spectra have been ex-
tracted from pump and probe data showing a close similarity
with the stimulated emission spectra measured by time re-
solved ASE analysis. The qualitative behavior of the nonlin-
ear transmission measured here supports a four level recom-
bination model for the occurrence of optical gain, even
though a microscopic understanding of the gain effect is still
under debate.
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APPENDIX: HEATING EFFECTS

Thermal heating of highly photoexcited samples(espe-
cially when the pump is CW) can lead to experimental arti-
facts in pump and probe experiments. In this appendix we try
to estimate the role of thermal nonlinearities in our measure-
ments.

1. Thermal nonlinearity response time

The physical origin of thermal nonlinearities consists in
the refractive index change of an excited material as a results
of direct photon absorption. Thermal processes can usually
lead to large nonlinear optical effects. However, the time
scale for the refractive index change is usually longer than
the scale of electronic phenomena, leading to strongly time
dependent nonlinear optical effects. Assuming thatDT is the
laser induced temperature change in the material, we can
assume thatDT obeys a heat-transport equation:26

Cv
]DT

]t
− k¹2DT = aP, sA1d

whereCv is the heat capacity per unit volume,k is the ther-
mal conductivity of the material,a the absorption coeffi-
cient, andP is the pump power. Equation(A1) can be solved
with the appropriate boundary conditions yielding the tem-
perature change and the refractive index profile in any given
physical situation.

FIG. 10. Numerical simulation of the nonlinear probe transmission in a four
level system as a function of the incident radiation photon flux. The simu-
lation parameters are:w10=w32=1015 s−1, sP=10−14 cm2, s=3310−16 cm2,
t=10 ms, fin=1010 cm−2 s−1, d=270 nm,Ntot=631018 cm−3.

FIG. 11. Numerical simulation of the four level transmission enhancement
(line) with the same parameters as in Fig. 10 and measured probe beam
transmission enhancement(disks) as a function of the pump photon flux for
sampleA and probe beam wavelength of 750 nm.
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However, the thermal response timet (the time taken for
a temperature distribution to reach its new steady state after
laser beam switching on or off) can be simply estimated by
replacing the partial derivatives in Eq.(A1) with ]DT/]t
→DT/t and¹2DT→DT/ sw/2d2 wherew is the pump beam
waist on the sample surface. Equation(A1) can therefore be
approximated by the simple relation:26

t <
Cvsw/2d2

k
. sA2d

We assume that the thermal conductivity of Si-nc samples is
very close to that of fused SiO2 because most the Si-nc are
embedded in SiO2. Then, k<1.4 W/mK and Cv=1.67
3106 J/m3. Considering that the pump beam spot size is
w<100 mm, we estimatet<3 ms. This time is the typical
time for which thermal effects develop and play a role.

2. Heating induced absorption

DT can be calculated on the basis of a theoretical heat
conduction model developed by Tang and Herman.27 The
model has been successfully applied to explain laser induced
thermal effects in free standing porous silicon.28,29 By using
the formula given in Ref. 29 and the SiO2 parameters for the
Si-nc layer, we calculated aDT of up to 1300 °C for high
pump power densitys,1 kW/cm2d. This DT must be con-
sidered a severe overestimate of the actual one since the
Si-nc thermal conductivity is more likely bigger than the one
of SiO2, the Si-nc layer is not free standing but deposited on
a 0.5 mm thick quartz substrate and the thermal conductivity
increases when the sample temperature raises. Indeed in free
standing porous silicon a saturation of the temperature in-
crease at values of about 700 °C has been observed at high
pumping intensity.28 However, these estimates point to an
important role played by sample heating during CW experi-
ments.

Heating is not only constricted to the photoexcited re-
gion but has a significant spatial extension. The spatial pro-
file of DT has been thoroughly studied in Ref. 30, which for
our experimental conditions translates in an elliptic heated
surface of 4003200 mm2 around the photoexcited region.
Thus in the experiment we are faced with two regions: the
photoexcited region, as large as the pump beam spot, and the
heated region, twice as large. Figure 12 top panel reports a
line scan of the probe beam spot position with respect to the
pump beam spot position. When the two spots overlap
Tsample.1 (crossed region); when the two spots are far apart
Tsample<1 within the error bars of the measurements; when
the two spots are shifted by 100–200mm Tsample,1 (dashed
region). In this last case, the probe is probing the heated
region and thermally induced absorption is measured.28 The
bottom panels in Fig. 12 show the transmitted probe beam
intensity versus time: the transmitted beam intensity in-
creases(decreases) when the probe beam is aligned(mis-
aligned) with respect to the pump beam. During the time
intervals when the pump is off, the two temporal profiles are
equal which indicates no permanent sample damage or aver-
age increase of the temperature of the sample. Figure 12
shows that when proper alignment between probe and pump

is achieved, optical gain can overcome the thermal induced
absorption. The luminescence of the sample recorded under
these pumping conditions does not evidence any of the sig-
nificant effects(white emission, strong nonlinearity in inten-
sity, etc.) reported in Ref. 29 and attributed to nonlinearity in
the emission due to heating.

3. Thermal lensing effects

As we have seen in the previous sections, large tempera-
ture rises can be induced under strong pumping. Thus ther-
mally induced nonlinearity in the refractive index of the
nanocrystal material must be carefully considered. In particu-
lar, the phenomenon of thermal lensing could play a role in
the relative alignment of the pump/probe beams and in the
imaging of the transmitted beam on the detector. In the ther-
mal lensing regime, a pump induced spatial profile of the
refractive index is induced due to the local temperature rise.
This can distort the optical path of a propagating probe beam
in a way similar to a lens. A thermal focal lengthf thermcan be
defined. It can be demonstrated31 that

f therm= 2kpSw

2
D2Fdn

dT
Ps1 − e−addG−1

, sA3d

where dn/dT is the temperature dependent change of the
refractive index, which is<6310−6/K for fused quartz or
silica.32 Using this value, a pump power of 0.1 W(maximum
pump power density of 1 kW/cm2) and a beam waist of
100 mm, we got f therm<4 cm. As this value is significantly
longer than the active Si-nc layer thickness and even of the
quartz substrate thickness, we can neglect effects due to ther-
mal lensing in our experiment. The measurements reported
in Fig. 2 confirm this conclusion.
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