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Net optical gain in silicon nanocrystalSi-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 witkn#estsecond
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 orderl®f % cn? 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-pc/SiO
interface. ©2004 American Institute of PhysiddOl: 10.1063/1.1803613

I. INTRODUCTION (ASE) with the excitation volumé® ASE is characterized by
a fast(nanosecond time scaléme dynamics with an inten-

Since the early demonstration of room temperature phosity threshold to superlinear behavid®**? In addition,
toluminescence in low-dimensional silicon nanostructdrms, probe signal amplification in pump and probe transmission
variety of fabrication techniques have been used to producexperiments under high pumping excitation conditions has
silicon nanocrystalgSi-no) with different sizes and size dis- been observédand laser oscillations with spatially coherent
tributions allowing for widely tuneable emission bands. Al- speckle patterns in Si-nc light emission have been repdfted.
though quantum confinement of carriers within the Si-nc is ~ Among all the different experimental approaches, impor-
supposed to play a major role in increasing both the lumitant information can be achieved by time resolved experi-
nescence yield and the Si-nc emission energies, the exagtents of the ASE signal from Si-nc waveguide. In addition
nature of the radiative recombination mechanism still reto the usual slow emission decay peculiar of Si¢ntcro-
mains an open issuelt is not clear whether emission is due seconds rangean intense ASE fast emissignanoseconds
to phonon assisted recombination of quantum confined exciime scal@ appears either by increasing the pump fluence or
tons in Si-né° or to radiative recombination of localized by increasing the excitation volunfe"***ASE occurrence is
carriers at the Si-nc/SiQnterface? In particular, many the- the consequence of a delicate balance between Auger nonra-
oretical as well as experimental wofk§" have suggested diative recombinations and stimulated emission recombina-
that oxygen-related centers and the geometrical relaxation d¢fons: whenever the Si-nc stimulated emission lifetime is
excited Si-nc can play a key role in the light emission pro-shorter than the Auger lifetime optical gain can occur in Si-
cess. More strikingly, optical gain in Si-nc has been demon#c. Moreover, stimulated emission lifetime shortens as the
strated recently by several groulis stimulating an excit-  Si-nc density increases and it critically depends on the pump-
ing debate on its strengths and origin. ing conditions>** Thus, materials properties as well as geo-

At present, optical gain has been observed in Si-ngnetrical waveguide factors affect both the strength and the
samples prepared by different techniques: Si ionpossibility of optical gain. Indeed, some Si-nc samples do
implantation'?** plasma enhanced chemical vapor deposi-not show optical gain in ASE studi€sor in pump/probe
tion (PECVD),>™ chemical deposition of amorphous waveguide studie¥ This shows that the phenomenon is not
silicon/silica superlatticejsr’, electron beam deposition of completely understood and that the material itself has still to
Sio, films,*® colloidal synthesis of silicon particlé$sol-gel ~ be optimized. Indications suggest that the gain is related to
dispersion of porous silicon fragmeH“?sOpticaI gain has localized state recombinations either in the form of Si-Si
been measured in Si-nc rich waveguides by looking at thglimers” or in the form of Si=0 bonds formed at the inter-

nonlinear increase of the amplified spontaneous emissioffce bgtween the Si-nc and the oXidler within the oxide
matrix2* The model introduced in Refs. 7, 9, and 11 relies on

Ipresent address: Materials Processing Center, Department of Materials Sa four level recombination scheme where a Iarge lattice re-
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ence and Engineering, Massachusetts Institute of Technology, Building 15,axat|0n n phOt_Oe_XC|ted small Si-nc gives rise to localized
Room 41-34, 77 Massachusetts Avenue, Cambridge, MA 02139. energy levels within the fundamental Si-nc band gap.
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TABLE I. Total atomic Si contentobtained from Rutheford backscattering experiments measuremems
peratures of thermal treatmei, Si-nc concentratiorg, Si-nc radius estimated from transmission electron
microscopy measurements, photoluminescence PL makimpg absorption coefficient at 400 nifay,), and
modal gaing measured in ASE experimeritRef. 10 at a wavelength of 750 nm.

Si content Ta Si-nc 3 (r) Am ag g
Name (at. %) (°C) (at. %) (cm®) (nm) (nm) (X10° cm™) (cmh
A 42 1250 13 6.3 10%® 1.7 906 9.1 48
B 39 1250 8.5 8.3%10'8 15 795 4.1 -40

Further indications of optical gain are reported here bysample surface. A video camera imaged the surface of the
studying the nonlinear transmission of Si-nc samples. Theample to check the relative positions of the pump and probe
transmission of a weak probe beam resonant to the stimwspots.
lated emission transitions is measured as a function of the For CW experiments, the probe beam was supplied by
intensity of a strong pump beam with a short wavelengththe monochromatized emission of a short-arc air-cooled
Increase of the transmitted probe beam intensity with resped000 W Xe lamp whose intensity stability was carefully
to the intensity of the beam in air reveals the occurrence ofmonitored. Spatial filtering of the probe light by two small
net optical gain. Since the continuous wag@W) pump  pinholes allows a clean focusing of the probe beam on the
beam used here is usually very inteigseme kW/cri), the  sample surface to a 100m diameter spot. No difference in
effect of additional thermal nonlinearitigthermal lensing, the experimental results was observed as a function of the
self-diffraction, etc). is carefully considered. In particular, spectral width of the probe beam. We also used an HeNe
the response time of the nonlinear transmission shows thddser line(632.8 nm in some experiments. The probe beam,
the transmission changes occur on a nanosecond timescalghose intensity on the sample surface was smaller than some
The observation of fast transmission changes allows us t@W (power density lower than few mW/&xn was normally
neglect the effects of thermally related experimental artifactsincident on the sample surface. In some experiments, the
We will address some of these important issues in the Aptransmitted probe beam was imaged onto the entrance slit of
pendix. 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-
Il. EXPERIMENT detector connected with a digital oscilloscope triggered by a
fast photodiode. Signal averaging was needed in this last

We studied Si-nc samples produced by high temperaturgage degrading the time response of the systemIans.
annealing of substoichiometric silicon oxid&iO,) thin  gpatial filtering was used on the collection line to reduce the
films grown by PECVD on a quartz substrate. The structuralyminescence signal from the sample excited by the high
and luminescence properties of these systems have beﬁ'ﬂensity of the pump beam. When the probe beam was
fully discussed elsewhefewe focus here on two represen- syitched off, a measure of the luminescence signal could be
tative samples characterized by different total Si content: gne. We performed experiments using as a pump beam the
sample obtained by deposition of 42 at.% of Si namedj57 nm or the 365 nm lines of an UV-extended Ar laser,

sampleA, and a sample obtained by deposition of 39 at. % offgcysed at about 45° onto the sample surface which results in
Si, named sampl®. More detailed characteristics of these gn ellipsoidal shaped spot of 28000 um2 The pump

samples are listed in Table I. In both samples, the layer comyeam was chopped at about 24 Hz.
between two 100 nm thick deposited Silayers in orderto  peam an He-Ne lasef632.8 nm or a CW diode laser

form a slab waveguide structure. The ASE data collected 0780 nm and we excite the sample with a pulsed pump laser
these two samples have been already reported in Ref. 9 and

11. SampleA shows gain while samplB does not. This is
attributed to the delicate interplay between Auger recombi-
nations and stimulated emission that prevents population in-

version in samplé. Indeed sampl® has a lower refractive LUMINESCENCE SN
index than samplé which is indicative of a lower packing |
density of Si-nc in sampl8& than in sampleA. -
: . ) ) . PROBE
In this experimental study, we investigate the nonlinear l
transmission of a weak probe beam as a function of the pump
beam intensity, according to different excitation conditions. FINHOLE
Figure 1 shows the geometry common to all our experi-
ments, where normal incidence of the probe beam was used
. ) PUMP
(to avoid pump-power dependent beam steering effects
while the pump beam was incident with an angle on the FIG. 1. Sketch of the pump and probe geometry used.
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beam(355 nm. The pump beam was provided by the third 1.10

harmonic of a Nd:yttrium alluminum garn€YAG) laser 1.08¢

whose repetition frequency was 10 Hz and pulse duration 1‘84?:

was 6 ns. Its intensity was varied by using a polarizing cube 2 1.02

which prevented any displacement of the spot on the sample § 1.00

surface as it can occurs with neutral density filters. We em- = o098

phasize here that this strategy allowed us to maintain a very 0.96 100
good alignment of the two beams regardless of the pumping 094 £ w0
intensity used. A camera continuously monitors the relative 1.08[ S .
alignment of the pump and probe beam in all CW and pulsed 1.06 O e
experiments. The transmitted probe beam intensity was re- ©1.04

corded by using a spectrometer and an ultrafa8tps time §1.oz il

resolution Hamamatsu streak camera used in photon- - ;‘gg

counting mode. Spectral filtering of the sample luminescence 0.96 i

turns out to be crucial when performing experiments at high 0.4 |

pulse fluence since the sample emission can significantly af-
fect the experimental results. Lenses were used to focus the .
probe beam on a spot siz&é mm) smaller than the spot size Time (ms)

of the pump beam on the samplecm wide. Care was used
pump 0 9 FIG. 2. Toampie(Straight ling of sampleA pumped by a 457 nm laser pump

to keep the pump beam fluence lower than the damaggnd temporal profile of the pump laser beadmark line: (top panel

threshold of the sample. 2 kW/cn? pump intensity(bottom panél 50 W/cn? pump intensity. The
probe beam was provided by an He-Ne laser at 632.8 nm. The inset shows
the histogram offg;mpefor the top panel.

0 10 20 30 40 50 60 70 80 90 100

I1l. DATA ANALYSIS . . . - .
whereg is the Si-nc gain coefficienTs,ypeis related to the

As the pump beam is pulsed or chopped, we recordedifferential absorptiom ag;.,,c of the Si-nc. This holds only
the transmitted intensity under three different pumping conwhen it is assumed that the pump beam has no effect on the
ditions. transmission properties of the quartz and Slé@yers. The

(1) Sample photoexcitegpbump beam on the sampleut  last equality in Eq(3) is verified whenever other nonlinear
no probe beam on the sample, which allows to measure theffects, such as saturation of optical transitions, absorption
luminescence and the noise signal at the wavelength of theleaching, optical stark effects, etc., are negligible. In this
probe beam, namelg, . case and ifTs;mpe>1 we have a direct evidence of probe

(2) Both the pump and the probe beam on the sampleheam amplification due to optical gajg>0). On the other
which allows to measure the transmitted probe beam interpand if we measurdoy>1 we have a direct measure of
sity when the samples photoexcited, namethy. probe beam amplification with respect to the overall losses in

(3) No pump beam on the sample but the probe beam othe structure.
the sample, which allows to measure the transmitted probe
beam intensity when the samgkenot photoexcited, named V. CONTINUOUS WAVE EXCITATION RESULTS

lorr , Figure 2 shows the time profile Ofgympe Of the CW
Let us definélore=lore/ lo andTon=lon~IpL/lo, Where o p e aninrovided by a He-Ne laser at 632.8 pin pres-
I is the incident probe beam intensity. Then the transmissiorgnCe of a chopped CW pump beam for Igbottom pane
(_enhancemgnt caused by the photoexcitation Tigmpie and high(top panel pumping power density as measured by
=Ton/Torr=lon=lp/lore , a large area Si photodetect@ensible element size 1 ém
In a very simple modeling, if we use the Beer’s law then-l-he detector was positioned cloge2 cm) to the sample
lore=lo exd— (agzdqz + asindJp = 0)dsind ], (1)  without any optical elements in between in order to avoid
heat induced geometrical probe beam distortions and thermal
lensing effects on the probe beafsee Appendix Apart
: S from a noisy weak modulation, no influence on the probe
power dependent absorption coeﬁ|C|e(m|cI§nes$ of the transmission is observed at low pumping po&ze Fig. 2
Si-nc layer, when the pump power de.nsﬂrfyls'zero. If we bottom). On the contrary, at high pump power density, a
assume tha.lt the effect .Of photoexcitation is simply to Chang%trong modulation of the transmitted signal is observed
the properties of the Si-nc, then which follows the on-off modulation of the pump beam. A
lon—lpL=lo exd - [agzdoz + asindIp)dsindl- (2)  statistical analysis of the data shows that the increase of
TsamplelS significant as it is larger than one standard deviation
of the data(see inset in Fig. 2 The limited response time of

where a7 (dgy) is the absorption coefficierithickness of
both the quartz and the SjQayers, andag;., (dsi.nd the

By dividing these two expressions we get that

Tsample= €XA~ asindJp) + asindJp = 0)] the apparatuglarge area photodiode and electronicauses
- expl~ Mg nlsind = 1 - Aagpds, the initial transient. The same time constant is also observed
Sk-nc=Sin Sknc=Si-ne when the luminescence signal alone is recorded. However,

=1 +9dsi-ne (3) after the initial transientl m9 the transmitted intensity sig-
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FIG. 3. Teampie(SampleA) as a function of the pump power density for a £R51.001 » o35
probe beam wavelength of 750 nm and pump beam wavelength of 365 nm. 098] * 017
The dashed horizontal line is the transparency threshold with respect to the ' k
probe beam in air. 0.961
0.94 4
nal is constant excluding major heating problems or damag- 0.921 A
ing of the sample. On these basis we attributed the transmis- 090l ’

sion enhancement to probe beam amplification.
Figure 3 shows the pump power densitydependence

Dal Negro et al.

500 600 700 800 900
WAVELENGTH (nm)

of Tsampie@t @ wavelength of 750 nm. The monochromatized o . _ . _ _
emission of the Xe lamp provided the probe beam. Timg'C: 4 Transmission specttpoints for increasing pumping power densi-

. . . . ties integrated during the time interval when the pump beam igotiom
averaging of the signal allowed to achieve a typical Standargane) or is off (top pane). The various pump powers and the relative
deviations of 0.007 iMgampie(€rror bars in Fig. 8 If we use  symbols are given as legend in the graph. The lines are simulation of the
Eq. (3) with the assumption that Aag;..c=0, then Tsample experimental plata for the various power de.nsities_. The thick line in the
_ 1/dSi-ncz g~Ngj. o0 UszampIe_ 1/dSi-ncNSi-no where o bottom panel is the‘no pump results of the simulation of top paimde)

. a ; ¢ - T Sketch of the experiment and of the sample structure. Safplas used.
is the Si-nc gain cross section. Increasifigthe gain in-
creases, at a criticalp~0.5 kW/cn? transparency is
reached where the gain equals to the losses in the substramphasize that the increase Ty is in excess of the mea-
and above it single pass net gain is observed. The gain valussirement errors. Note also th@ggr is measured synchro-
turn out to be a linearly increasing function @ up to a  nously with Toy the pump beam is chopped afgy and
value of about 1600+300 cth (0g=3X 108 cm?). For  Top are measured during the time the pump is present or
Jp=1 kW/cmi?, gain saturation is observed. absent on the sample. The multiple symbols Tggg in the
Figure 4 shows the spectral dependenc&gpf-andTqy.  figure refers to the varioudp used to measurd@qy. The
In these measurements, the probe beam was provided by tepread of thelTorr data is less than the power induced in-
broad band emission of a Xe lamp and a synchronous detecrease ofToy for the largestls used.
tion of Toy and Topr Was made possible by using two detec- To extract the gain spectra, a transfer matrix calculations
tion chains. It should be noted thagy andTopeare normal-  of the transmission through the sample has been performed.
ized with respect to the intensity of the probe beam incidenThe experimental data ofger were simulated by consider-
on the sample which was measured by the same apparatusiitg the sample formed by four optical layefsee inset in
absence of the sampl&g does not depend odp (Fig. 4, Fig. 4) characterized by a thickness of 270, 117 nm,
top panel. Toee shows clear interference fringes which are 500.13um and a refractive index of 1.98, 1.50, 1.35 for the
caused by the multilayered structure of the samflgy  Si-nc layer, the silica cladding layers and the quartz sub-
shows the same interference fringes dramatic heating ef- strate, respectivelfl oy was simulated with the same param-
fect on the real part of refractive indigedn addition, in a  eters except that a wavelength dependent positive imaginary
region centered at about 700 and 100 nm widigy in- part in the refractive index was used for the Si-nc layer,
creases significantly with increasidg and reaches the trans- wheren=n+ix and«=1/47g(\)\. g(\) was the only free
parency thresholdToy=1) at about 0.5 kW/crh Note that  function in the simulation and was described by a gaussian
the interference fringes structure is not affected by the pumprofile. Quite good simulations of thE,y data for the vari-
power, i.e., the maxima and minima do not shift with For ~ ousJp have been achievegdee lines in Fig. 4 bottom panel
even greatedp, Toy is larger than 1. In this region the probe The resulting gain spectra for the variodis are shown in
beam is amplified with respect to its value before the sampléerig. 5. As Jp increases, both the peak and the width of the
i.e., the sample shows high values of the optical gain whiclgain spectrum increase, a weak blueshift is also observed. By
compensates even for the losses caused by probe beamomparing the gain spectra with the luminescence spectra, a
propagation in the quartz substrate. No similar effect is obvery large blueshift in the gain is observed. Figure 6 com-
served in a reference quartz substrate without Si-nc. Othgrares the gain spectrum at high measured in this work
samples show either an increase in the transmitted intensityith the spectral dependence of the fast component of the
up to the transparency or no influence of the pump beam\SE measured by time-resolved variable stripe length mea-
(sampleB). On theTgy curve for the maximundp used we  surements in Refs. 9-11. Despite the very different experi-
added the standard deviation of the data as error bars tmental methods and the different pumping conditions, the
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FIG. 5. Gain coefficient spectra used in the transfer matrix modeling of the I 250K
transmission data of Fig. 4 for various pump power densities. The spectrum -4 :
on the right is the luminescence spectrum of the sample measured at low 200 sample A
pump power. 1504 @ = 105.6 mJ cm?,
100 4 Pl Aoump = 355 nm
two spectra show remarkable similarities indicating that the 50 A Aprobe = 632.8 nm
physical origin of the gain as measured by pump-probe ex- 0 r oy T
periments and of the stimulated emission observed in lumi- 2 3 4 5 6
TIME (us)

nescence experiments are the same.

FIG. 7. Time dependence of the transmitted probe beam intensity in pulsed
V. PULSED EXCITATION photoexcitation conditions. The line is the transmitted intensity when the
pulsed pump laser was present. The dotted line is the transmitted intensity

In the preceding section we have shown several eviwithout the pulsed pump laser. The line labeled PL is the signal measured
. PP : . when the pump beam was exciting the sample but no probe beam was
dences of single pass amplification in Si-nc systems. How resent. Sample is sampke The probe wavelength is 623.8 nm for the

ever, the measurements had a 1 ms time resolution due @tom panel and 780 nm for the top panel.

experimental constrains . To investigate the response time of

the nonlinear transmission change due to optical amplifica-

tion we performed a time resolved experiment where weon reflects the time dynamics of the fast component of the
measured the transmitted intensity of a CW probe béam luminescence observed in Si-Hewhich is reflected in the
632.8 or 780 nmwhen the sample was excited by a pulsedtime dependence df, shown as the weak signal in Fig. 7.
pump beam. Figure 7 reports the time dependenck,gf Note that the time profiles were recorded with exactly the
lors andlp, for sampleA under a high excitation fluenc. ~ Same experimental parameters except for the presence/
The bottom panel refers to a probe beam of 633 nm wher@bsence of the probe beam signal. Quite interesting the time
the luminescence is weak and the top panel refers to a prog¥ofiles of the signal measured when the pulsed excitation

beam of 780 nm where the luminescence intensity is high. Ifvas present and when the pulse excitation was absent are
Fig. 7, logr and Iy coincides except when the sample is coincident apart for the time when the sample is photoex-

excited with the short pump pulse. In coincidence with theCitéd. This means that no significant heating or damaging of
arrival of the pump pulse on the samplgy, increases for —the sample occurs in the experiments. The top panel refers to

few nanoseconds and then decreases. The time dynamics € 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
recombinationg?

In order to test whether a transmission enhancement is
observed, the peak intensity kfy andlp, are used to com-
pute Tgample 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 | is equal to \I1.*® For a probe wavelengtiope
=632.8 nmlgy increases by 114+35 counts when the pump
beam is exciting the sample while the peak intensityl f
reaches a maximum value of only 65+8 counts. Thdbjg

under the pulsed excitation increases more than the contribu-
100 o0 700 550 900 tion to Iy due to the photoluminescence signal. This is a
WAVELENGTH (nm) clear evidence of probe beam amplification and the lifetime

of this effect exactly coincides with the one observed in the

FIG. 6. (bottom panel Spectral dependence ®f,,.for sampleA. Pump  fast PL as a result of optical amplification. The same applies

wavelength 365 nm and intensity 1.5 kW/€nDotted line is the result of — i +

the transfer matrix mode{Top pane) Spectral dependence of the amplified fOI’. }\pmbe_ 780 nm. Hereloy Increases. by 449+47 counts
stimulated emissiofASE) measured on sampla on a time integration while 1p =382+19 counts on the maximum. _

window of 100 ns. The pumping fluence is 200 mJ#chfter Ref. 8. We repeated the measurements on sarmBphéhich does

o ¢
N

ASE Intensity (a.u.)
O O O -
s O O O

2

Teange
8
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160+ — lon dN, :
_140] E— opppNg +WioN; =0,
2 ;
€ 1204, 53 f
= g
£ 100+ dN; N,
< 801 ' =oPNy; = o PNy + — —wyN; =0,
> dt T
= 604 PL sample B
2 ©=76.8mJ cm”
'L_|__| 404 Apump=355 nm dN , N 5
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FIG. 8. Time dependence of the transmitted probe beam intensity in pulsed
photoexcitation conditions for samplB and a probe wavelength of
632.8 nm. 2 Ni =Ny (4)
i

not show optical gain in time-resolved variable stripe lengthpare N, represent the level population densitigs

measurementsFigure 8 reports the tim(_a dependence &y, =0,...,3, Fig. 9 which sum up toN, the active center

lorrandlp, for sampleB for high . 1oy increases when the  yengity in the systemyp is the absorption cross section at

sample is excited, but the increase is only due to the lumig,o pump wavelengthpp is the pumping photon fluxy; are

nescence of the sample. NQympie> 1 is observed. the relaxation rates from thieto thej energy levelsg is the
probe beam photon flux, andis the total lifetime of the

VI RATE EQUATION MODELING emitting level N. The positive small-signal gain cross sec-

We have already proposeti*a full set of rate equation tion o allows for probe beam amplification.

for a phenomenological description of optical gain in Si-nc.  After some algebraic manipulations on the systdin it

Our model considered the interplay of nonradiative Augercan be demonstrated that the population inversion term can

recombinations within a four level syste(frig. 9 whose be simply expressed as

microscopic nature is currently under debate. Here we sim-

ply aim to discuss a nonlinear transmission model based on N, - N, = (

Niot (Wlo‘ 1z )
JWiotod Wi Wi ) op+ 1T
op+llt W opdp

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- (5)
mation.
The set of steady state rate equations in our simplified®n the other hand, the propagation equation for the probe
model is given by beam photon fluxp is
N % (N~ N, ©)
3 0z
Wi, , ) .
N The integration of the propagation E&) can be performed
2 analytically once the population differendg—N, has been
& l f G, 7 computed. Note that the population inversion term depends
E N on the probe beam photon flux density via E§) which
! accounts for gain saturation effects. Let us define for a
W, sampled long, t_he_transmission ag= ¢out_/¢m, where ¢,
N and ¢,,,; are the incidentz=0) and transmittedz=d) probe

photon flux, respectively. After some computations we can
FIG. 9. Sketch of the four level recombination system used for the nonlineaChi€ve a quite simple implicit expression relating the pump

transmission calculations. beam photon fluxpp with the system transmissioh
W1 oW In(T
Pt 32<U¢in(1‘T) - ))
bp= : , (7)
| 1 Wip , Wsz
W3on(To){ Wio = ) @in(T = 1)(2W320 + Wyo0) + L~ Tt WaaWio In(T)
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1.06 set-ups. Gain cross section per nanocrystal similar to the one
sample A .- measured in Ref. 12 on ion implanted samples or estimated

c 1.04] ::135(:: cm in Ref. 10 for PECVD samples are deduced by these mea-
% surements. Note that larger material gain is reported in Ref.
E 1024 12 than [n this work, possibly due to a Ie}rger Si-nc density in
g the ion implanted samples. However it is clear that more
= work is needed to understand the role on the gain of the

1.00+ . e various material parameters. A fgsanoseconds time scale

e — response time of the nonlinear transmission has been mea-

10" 10° 10" 10° 107 sured in agreement with the occurrence of a fast emission

Pump photon flux (cm’s™) component under high fluence pulsed excitation in ASE ex-

FIG. 10. Numerical simulation of the nonlinear probe transmission inafourpenmems‘ The optlcal ampllflcatlon spgctra have b_ee_n gx-
level system as a function of the incident radiation photon flux. The simu-tracted from pump and probe data showing a close similarity
lation parameters arev;;=ws,=10" s, op=10" cn?, 0=3x 10716 cn?, with the stimulated emission spectra measured by time re-
— - 0 2 o1 = = 8 —3 . . . . .

7=10 s, ¢ =107 cnr?s7%, d=270 nm, N, =6 10" e, solved ASE analysis. The qualitative behavior of the nonlin-

whereT,=exp(—oNy,d). Figure 10 reportd versusgp fora € transmission measured here supports a four level recom-
[0} (0] "

set of Si-nc parameters reported in the figure caption, wination model for the occurrence of optical gain, even
notice that since the effect of propagation losses and refledough @ microscopic understanding of the gain effect is still
tion is not included, the model yields transparettcgnsmis- ~ Under debate.

sion equal to ongat low pump values, while increasingp

the transmission grows nonlinearly because of stimulateACKNOWLEDGMENTS
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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 inAPPENDIX: HEATING EFFECTS

cluded in the model to get a better quantitative agreements.  Thermal heating of highly photoexcited samplespe-
Howev_er,_our aim here was to show that a simple n(_)nllnea[:ia"y when the pump is CWcan lead to experimental arti-
transmission model based on a set of rate equations C3Qcis in pump and probe experiments. In this appendix we try

qualitatively describe the experimental findings. This rein-, estimate the role of thermal nonlinearities in our measure-
forces the overall physical interpretation of the experimental,ants.
results which is based on similar results obtained via ASE
studies’™* o _
1. Thermal nonlinearity response time

VIl CONCLUSIONS The physical origin of thermal nonlinearities consists in

Net optical amplification of a probe beam through athe refractive index change of an excited material as a results
Si-nc sample has been measured with different experimentg} girect photon absorption. Thermal processes can usually

1.04 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 thiitis the
laser induced temperature change in the material, we can
assume thaAT obeys a heat-transport equat?c?n:

1.034

Transmission
=
B

1.014 IAT
CU7 - kKV2AT = aP, (A1)
1. . . .
107 10 10 10 10" whereC, is the heat capacity per unit volume,is the ther-
Pump photon flux (cm?s™) mal conductivity of the materialp the absorption coeffi-

cient, andP is the pump power. Equatiqi\1) can be solved

FIG. 11. Numerical simulation of the four level transmission enhancement, ; i Al
(line) with the same parameters as in Fig. 10 and measured probe beaerInVIth the appropriate boundary conditions yleldlng the tem

transmission enhancemeulisks as a function of the pump photon flux for ~Perature c.hange and the refractive index profile in any given
sampleA and probe beam wavelength of 750 nm. physical situation.
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However, the thermal response timéhe time taken for
a temperature distribution to reach its new steady state after
laser beam switching on or ¢ftan be simply estimated by
replacing the partial derivatives in EgA1) with JAT/dt
— AT/7andV?AT — AT/(w/2)? wherew is the pump beam
waist on the sample surface. Equati@l) can therefore be
approximated by the simple relatiéh:

C,(w/2)?
T —,

K

(A2)

We assume that the thermal conductivity of Si-nc samples is

very close to that of fused Sp)ecause most the Si-nc are FIG. 12. (top panel Tggmpeat 632.8 nm for various rel_atlve s_hn‘ts of the
pump and probe beams. Two zones are enlightened in the figure: the pho-

embedded in Si@ Then, k~14W/mK and C,= 1-67 _ toexcited zone and the heated region. In the top part, schematics are shown
X 1P J/m?. Considering that the pump beam spot size isof the various regions considered in the analysis with their extensions and of

w=100 um, we estimater=3 ms. This time is the typica| the relative probe positions during the measuremehtittom pangl Tgampie

: : as a function of time for two alignment conditiodeft probe aligned with
time for which thermal effects develop and play arole. the pump, right probe misaligned with the pumpdicated by the arrows.

The square wave shows the pump beam profile on the sangple.
L . 1.21 kW/cn? pump power density, 24 Hz chopper frequencyhe time
2. Heating induced absorption response of the detecting chain was limited by the need of signal averaging

. . trigger jitten and by the slow silicon photodiode we used.
AT can be calculated on the basis of a theoretical hea(t gger jitten y P

conduction model developed by Tang and Herffafthe ) ) _ _

model has been successfully applied to explain laser inducdd achieved, optical gain can overcome the thermal induced
thermal effects in free standing porous silid8i° By using absorption. The Iuml_n_escence of the s_ample recorded un(_jer
the formula given in Ref. 29 and the Si@arameters for the these pumping conditions does not evidence any of the sig-
Si-nc layer, we calculated AT of up to 1300 °C for high n!flcant eﬁects(wh!te emission, strong nonlmeanty. in inten-
pump power density~1 kW/cn®). This AT must be con-  Sity, etc_) r(_aported in Ref. _29 and attributed to nonlinearity in
sidered a severe overestimate of the actual one since tf{a€ emission due to heating.

Si-nc thermal conductivity is more likely bigger than the one

of SiO,, the Si-nc layer is not free standing but deposited_ O3 Thermal lensing effects

a 0.5 mm thick quartz substrate and the thermal conductivity

increases when the sample temperature raises. Indeed in free AS we have seen in the previous sections, large tempera-
standing porous silicon a saturation of the temperature inture rises can be induced under strong pumping. Thus ther-
crease at values of about 700 °C has been observed at higtally induced nonlinearity in the refractive index of the
pumping intensitﬁ.s However, these estimates point to an nanocrystal material must be carefully considered. In particu-

important role played by sample heating during CW experilar, the phenomenon of thermal lensing could play a role in
ments. the relative alignment of the pump/probe beams and in the

Heating is not On|y constricted to the photoexcited re-imaging of the transmitted beam on the detector. In the ther-
gion but has a significant spatial extension. The spatial pronal lensing regime, a pump induced spatial profile of the
file of AT has been thoroughly studied in Ref. 30, which for refractive index is induced due to the local temperature rise.
our experimental conditions translates in an elliptic heated his can distort the optical path of a propagating probe beam
surface of 400x 200 um? around the photoexcited region. in away similar to a lens. Athermal focal lengfthemcan be
Thus in the experiment we are faced with two regions: thedefined. It can be demonstratedhat
photoexcited region, as large as the pump beam spot, and the w\2[ dn -1
heated region, twice as large. Figure 12 top panel reports a  finerm= 2KW(5> [E_P(l —e_“d)] : (A3)
line scan of the probe beam spot position with respect to the
pump beam spot position. When the two spots overlapvhere dn/dT is the temperature dependent change of the
Tsampie> 1 (crossed region when the two spots are far apart refractive index, which is<6x10° 6/K for fused quartz or
Tsampie= 1 Within the error bars of the measurements; whersilica®? Using this value, a pump power of 0.1 fhaximum
the two spots are shifted by 100—2@ Tgampe< 1 (dashed pump power density of 1 kW/cth and a beam waist of
region. In this last case, the probe is probing the heatedl00 um, we gotfem=4 cm. As this value is significantly
region and thermally induced absorption is meast@iethe longer than the active Si-nc layer thickness and even of the
bottom panels in Fig. 12 show the transmitted probe beanmguartz substrate thickness, we can neglect effects due to ther-
intensity versus time: the transmitted beam intensity in-mal lensing in our experiment. The measurements reported
creasegdecreaseswhen the probe beam is aligngthis-  in Fig. 2 confirm this conclusion.
aligned with respect to the pump beam. During the time
intervals when the pump is off, the two tempora| prof"es are 1s, OSS?Cini, L.. Pavesi, and_ F. Priolo, inght !Emitting Silicqn for MiCI’Q-
equal which indicates no permanent sample damage or aVerphotonlcs Springer Tracts in Modern Physics Vol. 188pringer, Berlin
age increase of the temperature of the sample. Figure 125 kovalev, H. Heckler, G. Polisski, and F. Koch, Phys. Status Solidi B
shows that when proper alignment between probe and pump215, 871(1999.
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