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In the present article, a detailed study of the optical properties of the Er-doped Si nanocrystals system,
obtained through ion implantation of Er in samples containing Si nanocrystals formed by plasma enhanced
chemical vapor deposition is reported. In particular, we present a phenomenological model based on an energy
level scheme taking into account the strong coupling between each Si nano@Wtaind the neighboring Er
ions, and considering the interactions between pairs of Er ions too, such as the concentration quenching effect
and the cooperative up-conversion mechanism. Based on this model, we wrote down a system of coupled first
order differential rate equations describing the time evolution of the population of both the Si NC and the Er
related excited levels. By studying the steady state and time resolved luminescence signals at both the 1.54 and
0.98 um Er lines and at the Si nanocrystals emisgianaround 0.8m), we were able to fit the experimental
data in a wide range of Er concentratidimetween X 10'/cm® and 1.4<10%%cm®) and excitation pump
power (in the range 1—10mW), determining a value of 810 *° cm® s~ for the coupling constant describ-
ing the interaction between Si NC and Er ions, and ofI0" 17 cn® s~ for the cooperative up-conversion
coefficient. Moreover, an energy transfer time-ef us has been estimated, confirming that Si nanocrystals
can actually play a crucial role as efficient sensitizers for the rare earth. In addition, the role of Si nanocrystals
and of strong gain limiting processes, such as cooperative up-conversion and confined carriers absorption from
an excited NC, in determining positive gain at 1.ah will be investigated in details. The impact of these
results on the fabrication of optical amplifiers will be finally addressed.
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[. INTRODUCTION its energy to the nearby Er ion, which then decays emitting a
photon at 1.54um. The effective excitation cross section for
Among the different approaches developed to overcomé&r in presence of Si NC'’s is more than two orders of mag-
the intrinsic low efficiency of silicon as a light emitter, quan- nitude higher with respect to the resonant absorption of a
tum confinement and rare earth doping of silicon have domiphoton in a silica matrix® Moreover the nonradiative deex-
nated the scientific scenario of silicon-based microphotonicsitation processes are strongly suppressed, the Er lifetime
Indeed, due to their promising optical properties, all kind ofbeing almost constant in the temperature range between 11
silicon nanostructures, i.e., porous silicthSi nanocrystals and 300 K(Ref. 36. The recent determination of net optical
(NC’s) embedded in Si© matrix>'! and Si/SiQ super- gain at 1.54um in Er-doped Si nanocluster sensitized wave-
latticed?~*® have been widely studied. The efficient, tunableguide4®~*> and the demonstration of efficient room-
in the visible, room-temperature light emission of all of thesetemperature electroluminescence from Er-Si NC devices
structures has been ascribed to the recombination of a quaopened the route towards the future fabrication of electrically
tum confined excitoh*>*’which is self-trappet¥'®in a size  driven optical amplifiers based on this system. Several basic
dependent SO levef? at the interface between the Si nano- issues remain, however, to be addressed first, namely, the
structure and the SiOmatrix. On the other hand, studies on role and strength of the competitive nonradiative processes,
Er doped crystalline Si have demonstrated that Er can bthe coupling strength between Si NC’s and Er ions and the
efficiently excited in Si through electron-hole pair recombi- microscopic details of the interaction.
nation or through impact of energetic carrférs and, de- In the present work, a rate equation model describing the
spite the equally efficient nonradiative deexcitation processetime evolution of the coupled Er and Si NC level populations
such as Auger with free carriers and energy back traf’fer, will be presented and an estimate of the efficiency of the
Er-doped Si devices operating at room temperature havenergy transfer will be reported. In particular, the occurrence
been developéd?® Recently, Er doping of Si nanocrystals of cooperative up-conversion among interacting Er ions in
has been recognized as an interesting way of combining thgresence of Si NC'’s will be demonstrated for the first time to
promising features of both the previous meth&ts! In-  our knowledge. Through a comparison of simulated and
deed, it has been demonstrated that Si NC’s in presence of Ereasured photoluminescence data in a wide range of Er con-
act as efficient sensitizers for the rare edfttt*In particular, ~ centrations and pump powers, both the coupling and the up-
the NC, once excited, promptly transfers quasiresonghtly conversion coefficients will be determined. Important issues
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such as the maximum number of excitable Er ions per NC, 7 r . T T .
and the role of up-conversion and carrier absorption from an 488nm, 100 mW
excited nanocrystal in limiting the possibility of obtaining — or 11 Hz
positive gain at the 1.54m Er related emission will be ‘g st
addressed. These data will be reported, a comparison with .
recent resul®=*? will be made and future perspective to- g al Erand Sine
wards the achievement of optical amplifiers will be dis- = | T Er in Si0,
cussed. % Y U Si nc without Er
g
Il. EXPERIMENT =
Si nanocrystals were produced by high temperature an- Ir ._Xz

nealing of a 0.2um thick substoichiometric SiOfilm (with 0 T b — e
42 at.% Si grown by plasma enhanced chemical vapor 0.8 1.0 1.2 1.4
deposition(PECVD) on top of a Si substrate. Thermal treat- Wavelength (um)

ments were performed at 1250 °Qr fb h in ultrapure nitro-
gen atmosphere. The annealing process induces the separaF!G. 1. Room temperature photoluminesce(Re) spectra of Si
tion of the Si and Si@ phases, leading to the formation of ”a”OnySta|$Sh0ft-fiash§d ling Er in Si0, (dashed lingand Er in
uniformly distributed Si NC'’s with a mean radius of 1.7 nm, Presence of SiNC $cont_|nuous I|Cr)1e)5 The Er concentration in the
as evidenced by plan view transmission electron microscop§f!© implanted samples is &:&0°cn.
(TEM). The estimated Si NC density in the sample has a
value of~1x 10'%cn?. After the Si NC formation, Er ions tration in the two implanted samples is &%0?%cn?® and,
were then implanted at different energi@s the range be- due to the multiple implants, is constant all over the film
tween 170-500 ke)//and doses in order to produce an al- thickness. It is worth noticing that all of the spectra have
most constant Er concentratidin the range % 10''~1.4  been obtained in the very same conditions, i.e., exciting the
X 107Y/cm?®) all over the film thickness. Correspondingly, the systems with the 488 nm Ar-laser line at a pump power of
mean number of Er ions per NC varies in the range 0.03-100 mW and at a chopper frequency of 11 Hz. Moreover all
140. The very same Er implants were also performed in, SiOof the spectra have been corrected for the spectral system
layers not containing Si NC’s in order to have referenceresponse, as obtained through a calibrated lamp. Hence the
samples. All of the samples were eventually annealed atatio of the intensities at the various wavelengths is an abso-
900 °C for 1 h inultrapure nitrogen atmosphere in order to lute value.
remove the residual damage left over by the implantation A lot of information can be gained from Fig. 1. First of
proces&’ and to activate Er, preventing it from clustering. all, it is worth noticing that the efficient luminescence at
PhotoluminescencéPL) measurements were performed around 0.8um due to Si NC’s alone completely disappears
by pumping with the 488 nm line of an Ar laser. The pumpwhen introducing Er in the sample. Indeed, an intense peak
power was varied in a wide range, between 134, and  at 1.54um from ER* ions appears at the expenses of the Si
focused over a circular area 6f0.3 mm in radius. The laser NC related emission, thus suggesting that the energy is now
beam was chopped through an acousto-optic modulator atr@distributed in the sample, being preferentially transferred
frequency of 11 Hz. The luminescence signal was analyzeffom Si NC's to the rare earth. Moreover, the 1.afh PL
by a single grating monochromator and detected by a photdntensity due to Er ions in presence of Si NC’s is over one
multiplier tube for the visible range.4—0.9um) or by a Ge  order of magnitude higher with respect to the sample with Er
detector for the infrared0.8—1.7um spectral region Spec-  in SiO,. It has been demonstrated that this intensity increase
tra were recorded with a lock-in amplifier using the choppingis due to the sensitizing action made by Si NC'’s for the Er
frequency as a reference. All the spectra have been measurggh *° In fact, each Si NC absorbs an incident photon and,
at room temperature and corrected for the spectral systemnce excited, promptly transfers its energy to a nearby Er ion
response. Time resolved PL measurements were performeaghich will return to its ground state emitting a photon at 1.54
by first detecting the modulated luminescence signal with g,m, corresponding to the transition from the first excited
Hamamatsu photomultiplier tub@nodel R5509-7Rhaving  level 5, to the ground statél ;g,, of E**. The measured
an almost constant spectral response in the range 0.4-lgffective excitation cross section for the Si NC mediated ex-
m#m. The signal was hence analyzed with a photon countingitation process of Er is-2x 10~ ¢ cn?, comparable to the
multichannel scaler, triggered by the acousto-optic modulavalue found for isolated Si NC'’s, and three orders of magni-
tor. The overall time resolution of our system is-eb ns. tude higher than the value of 1x 10 '° cn? for the exci-
tation of Er through the direct absorption of an incident pho-
ton (which is typical for Er in an insulating hastMoreover,
since it has been demonstrated that the high resolution Er-
In Fig. 1, the room temperature PL spectra of three differtelated spectra in the two matrices have similar shapasd
ent samples consisting of Er in presence of Si NC&ntinu-  since the shapes are closely related to the local environment,
ous lineg, Er in SiO, (dashed ling and Si NC's before Er it has been concluded that the emitting Er ions in presence of
implantation(short-dashed lineare shown. The Er concen- Si NC are surrounded, at least in a first neighbors approxi-

IIl. EXPERIMENTAL EVIDENCES
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mation, by oxide’! In addition we have shown that the non- . A (um)

radiative decay processes are quite red#&é>®Therefore,
thanks to the strong sensitizing action of Si NC'’s and to the T'F, \
reduced nonradiative decay channels, the Er-doped Si N( G : sz
system is a quite promising light emitter candidate. -0-32 Cia —— — Hy, S
As can also be seen in Fig. 1, the 1,6t luminescence | ¢4 P G |G e Sy
intensity coming from Er in presence of Si NC’s is even 0so 1B — Gy HEES
. . . . . . T T 9/2
more intense than the 08m luminescence signal due to Si [ 0.05 L W T
NC's without Er. Another important feature shown in Fig. 1 [ o, Wl Co 1z
is the presence of the 0.98n line in the spectrum related to | 1.54 i — I, 2
the Er-doped Si NC sample, due to the radiative transition >L”f*_0H Wy, W,
from the second excited stafé;;/, to the ground statél ;5, Il | g
15/2

of Er. This is a clear evidence of the energy transfer betweer ‘ ..
Si NC’s and Er ions, since it has been postul&tethd re- Sinc o Er
cently demonstratéd that a quasiresonant energy transfer
can occur between the Si NC’s emitting at 0.8 and Qu88
and the two manifold Er-related levef$y, and *l,,,, re-
spectively. Thus the appearance of the efficient Qu&8 Er
line can again be attributed to the sensitizing action of S
NC'’s which are strongly coupled with the Er-related levels.
Indeed this line is still visible at room temperature even atate of an exciton for the isolated Si NC, comprising both
laser pump powers as low as a few mW, being in that rangeadiative and nonradiative recombination rates."Hs sche-
totally undetectable for the Er-doped silicon dioxide samplematized as a five levels system, where the fifth level is the
The experimental facts can be summarized as follows. sum of *S;,;,, ?H;y, and *F-j,, which are strongly over-

(i) In presence of Si NC, Er ions are excited through theiapping, due to the Stark splitting caused by the matrix field
NC'’s themselves which act as the absorbing system. on each multiplet, and can therefore be treated as a single
(i) The energy transfer occurs quasiresondnfiom the  |evel. With w;; we indicate the total transition rate from level

Si NC’s to the?l o, Er manifold for Si NC’s emitting a+-0.8  j 1o levelj, wherei,j=1,2,...,5 and>j.
pm. Many of the parameters shown in Fig. 2 are well known
(i) The effective excitation cross section for Er is en-experimentally or theoretically, others deserve a detailed
hanced by~3 orders of magnitude by the sensitizing actionstudy in order to be determined. One of the most important
of Si NC's* with respect to Er in insulating hosts. coefficients isCy;, since it describes the coupling between
(iv) The effective excitation cross section for Er in pres-the excited Si NC level and the ground state of Er, and it is
ence of Si NC is comparable to the absorption cross sectiogherefore responsible for the energy transfer between the Si
of isolated Si NC's, thus attesting the strong coupling be\C’s and the rare earths surrounding it. This energy transfer

FIG. 2. Energy level scheme for the system of interacting Si
NC’s and Er ions. The Si NC can be represented by a two-effective
energy level diagram. Ef ions can be thought of as a five-energy-
level system. Si NC'’s having different sizes can be coupled with
both the®l, and 41,1, levels.

tween Si NC’s and Er. o _ o is indeed represented by the two white arrows, depicting the
(v) Eris surrounded by O and it is very likely within the nponradiative deexcitation of an excited Si N@wn arrowy
oxide matrix or at the Si NC/oxide interface. and the following E¥" excitation to the?ly, level (up ar-

(vi) The decay channels, typically limiting the efficiency row). C,; (i=2) describes the excited state excitati&@SE
of Ersesl”{]gsésmn in crystalline SiRef. 21, are absent in this  from |eveli. This process is very similar to the excited state
case’>3" absorption of a photon from an excited level of Er in insu-
lating matrices. In this case, ESE describes the reexcitation
of an excited Er level through the energy transfer from an
excited Si NC. After Er is excited to thl g/, level, an energy
back transfer from this level back to the first excited level of

In order to explain the overall experimental picture, wea NC could occur and the strength of this process is given by
developed a model for the Si-NC—Er interaction, based orC,;. However, the back transfer mechanism is quite ineffec-
the schematic energy levels diagram reported in Fig. 2. Inive, since level®lq, is efficiently depleted by a very fast
this scheme a Si NC is represented by a three level systemglaxation to level*l ,,,, being therefore almost empty.
consisting of two band edge levels and of an interfacial level, Another effect which we should take into account is very
which acts as a trap for the excitd#.2°Since the trapping is  similar to the Auger effect occurring in Er-doped crystalline
assumed to be a very fast process if compared to the typic@8i (Ref. 21), where the energy of an excited level of Er can
decay times, we commit a small error for our purposes irbe given up to a carrigelectron or holgwhich is free in the
considering the Si NC as an effective two levels systemgconduction or valence band of bulk Si, promoting it to a
where the ground state is represented by levednd the higher lying level. In the Er-Si NC system, it could happen
excited state by levdd. Thuso,y, is the effective excitation that the energy can be transferred from an excited Er level
cross section describing the creation of an exciton and itback to a confined exciton, thus promoting it to a higher
subsequent fast trapping at the interfacial level, following theenergy level. This process is represented by the contant
absorption of a 488 nm photow,, is the total recombination taking into account the Auger process with both the electron

IV. MODELING THE Si-NANOCRYSTAL -Er
INTERACTION
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or the hole forming the exciton. Clearly, this Auger process, dN, )
in order to occur, requires that a new exciton is formed in the gt~ WaNa— (Wart We)Na = 2C,N;
NC while an excited Er level is still filled. Therefore it be-

comes effective only at high pump powers and it mainly — Cp2npNo— CangN,,

involves the long lived*l 5, level. Moreover, due to the

guantized nature of both the excitonic and the Er related dN,
levels, the Auger effect with the nanostructure should be less  ——
efficient than in bulk Si, where a continuum of densely dt
spaced energy levels in both the valence and the conduction +C3N§+W51N5—a¢N1—Cb1nle,
bands exists.

We also take into account the concentration quenching\,here¢is the flux of photons incident onto the sampie,,
effect, which is due to the energy migration all over theandN;, with i=1, are the density level populations of Si
sample caused by the energy transfer between two nearby Rhnocrystals and of Er ions, as represented in Fig. 2. In par-
ions, one in the flr_st excited Igvel and the other in the grou_nqicu|ar1 we can defin@,+n,=ny and3;N,=N,, wheren,
state. Concentration quenching has been well characterizgghqN, are the total concentrations of excitable Si NC's and
in a previous work? and therefore the value of the total rate Er ions, respectively. Here we assume that each NC contains
of deexcitation from the first excited Er level, i.eNx  at maximum one exciton at a time, since the Auger effect
+Wgr, Where wg, takes into account the concentration petween two excitons would lead to a quickns) recombi-
quenching effect, is well known. Indeedw;;=4.2  npation of one of them, thus leaving only one exciton inside
X10* s™* and wg=87CgNgNo, WhereN, is the concen-  the NC in times much smaller than the typical times charac-
tration of quenching centefgrobably —OH groups, Cg;is  terizing the Er system. Therefore talking about an excited
the coupling coefficient describing the interaction betweemanocrystal we are simply referring to a NC with an exciton
the first excited and the ground levels of Er, aNglis the  in it. ANC with no excitons, i.e., not excited, will be referred
total Er cocentration. From experimeftsve get CeNg  to as a NC in the ground leval It is worth noticing that the
=3.2x10 P cnmPs 1 interaction between two levels is represented in EL.

Eventually, the constants,, andC5 are the cooperative through terms involving the product of the concentrations of
up-conversion coefficients describing the interaction of twothe centers which are actually lying in those levels. Therefore
nearby Er ions which are both in the first or in the secondhe interaction probability will be described by rates which
excited states, respectively. In the first case one of the tware inversely proportional to the square of the mean interac-
ions will return to the ground state giving its energy to thetion volumes. In such a way we are introducing a short-range
other which will be excited to thély, level. In the second (dipole-dipole-like interaction whose strength inversely de-
case the interaction will bring one ion to tRel;,level and  pends on the sixth power of the mean distance between the
the other to the ground state. In the model we take also int@wvo centers. On the other hand, we notice that the nonradia-
account the possibility of a direct absorption of a 488 nmtive deexcitation rates in Ef from higher lying levels to
photon by Er leading to a transition from the ground state tazlosely spaced lower levels are quite high. In particular
the *F, level. This process is characterized by an excitationws, , w5 W3, Wo; .
cross section of-1x 10~ cn?, as determined in an oxide A few comments need to be made at this stage. Indeed,
reference sample. through Eq.1) we are taking into account many phenomena

Thanks to this scheme, we are able to write down the selvhich could in principle occur in the Er-doped Si nanocrys-
of first order rate equations describing the time evolution oftal system. Actually, among the various processes, we can
the concentration of Si NC’s and Er ions in each level: distinguish between first and second order mechanisms, de-

pending on the weight of the terms in the rate equation sys-
dng tem (1). As far as the Er ion is concerned, it is evident, for
W:Uabd’na_wbnb_izl ChpinpN;, example, that the most important mechanisms are the pri-
mary excitation due to the presence of Si nc, described by a
g term containin%Cbl, and all the processes involving the
Ny long-lived level®l 15,5, such as cooperative upconversion be-
dt _Uab¢na+wbnb+;1 CoinoNi, twegen two neighéglrzing Er ions ex?:ited in thF;t level, excited
state excitation, concentration quenching, and eventually Au-
3 ger processes with a nearby exciton. Indeed, mechanisms
=0¢N1+E CbinbNi+C3N§_(W51+ Weg)Ns | involving the i.nteractior.\ between two levels, bring in Eb). _
i=2 a term which is proportional to the product of the population
densities of the two levels. Therefore, the more a level is
dN, ) populgted the stronger is its in_fluencg in_ the system of rate
W:Cblnle_" CupN5+WsNs—W,3Ny, (1)  equationg(1). Since the longer is the lifetime of a level the
more that level is populated, we gain the result that excited
Er levels other than the first one are much less important in
the kinetics of the system, since they are almost empty, being
characterized by lifetimess1 us, i.e., very small if com-

=(Wp1+Wg)No+ CupN§+ CanpNa+w3iN3

3

3

dNg
dt

dN,

ar Wy3N4— (Wap+ W31)Ng— CpgnpN3— ZCSNg ,
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TABLE |. Physical parameters taken from Ref. 30 or as deter-
mined by a best fit of the overall experimental data, by using Eq. -
(1). 2
g 10
Symbol Value Reference -g
Nexc 488 nm a
Q
Tab 2x10 %6 cn? Ref. 30 2 10'
T 1x10 ° cn? Ref. 30 ~
W 2x10" st Ref. 30 E
Wy 4.2x10% s Ref. 30 ks | 4 e Experiment ]
We=87CeNgNo 8.1X 10 1N,ys? Ref. 3G & © Simulation
w. 42x10° st this work® : .
wjz ~1x10"s? this work 10° 10” . 107 3 10"
Wiy <1x10's? this work Er Concentration (cm”)
Ch1 3x10 *em’s this work FIG. 3. Comparison between the measured and the simulated
Cup 7x10 YemP st this work integrated numbers of emitted photons at around .54 (Er-
Chy <3%x10 ¥cm’s?t this work® related emissionand 0.8um (Si-NC-related emissionas a func-
Chs <3x10 ¥cem’ st this worle  tion of Er concentration. Continuous lines are for guiding the eye.
Cht <3x10 ¥cmPs?t this work
Ca <3x10 ¥cmPs ! this work

) 1.54 and 0.8«m, respectively, are also plotted for compari-

Cs ~7x10 Y em’ 57 this work  son. The continuous lines are just a guide to the eye. It is
worth noticing that the agreement between the experimental
and the simulated behavior is quite impressive, since we are
covering several orders of magnitude by using fixed param-
eters in the calculations, as reported in Table I. By increasing
the Er concentration, the mean number of Er ions per Si NC

Theref Ea(1) will b \ved at first ideri v th increases too. When the Er concentration is lower than the
erefore, Eq(1) will be solved at first considering only the NC one, only a few NC’'s have a nearby Er ion they can

most important processes, thus fixing the main physical IC)aéouple with. Since the coupling is strong, those NC’s, once

rameters. Successively, "?1” of the other parameters will b.%xcited, will preferentially transfer nonradiatively their en-
adjusted in order to obtain a better agreement with experi-

| ergy to the neighboring Er ions. Hence for each Er ion
ments. Indeed, f_rom Eq1) both th_e time resolved a’?d the coupled to a NC, a photon in the Si NC related spectrum will
steady state excngd level populatloeriX can .be I be lost, and a photon in the Er related spectrum will be
The S|mula§ec_1 Iummescenqe intensitlgs coming from the. gained. The Si NC’'s which are not coupled to any Er ion
correspondingth level are simply proportional to the density

; ; Jh continue to emit light at around 0,8m with the same life-
level population times the radiative raig;; of that level, e aimost independent of the Er concentrafiwhen the
through the following equation:

Er concentration equals the Si NC one, every Si NC is
| ocwe N ) coupled with an Er ion, and the Si NC emission is almost
s TR completely quenched with respect to the unimplanted
- . . . 8,31 H H

By fitting the experimental intensity data through the SampleZ®* For Er concentrations greater than the Si NC
simulated intensities given by Eq2), fixing the already ©One, each NC will be surrounded by severaI'Er ions. In prin-
known constants, we are able to find the unknown physica$iPle, due to the strong coupling, each NC is able to excite
parameters, such as the coupling cos@gt, describing the Several Er ions in the typical deexcitation time of the first

Si-NC—Er interaction, or the cooperative up-conversion co€xcited Er level(a few mg, the maximum number being
efficient C,,. A summary of the main physical parameters only determined by the excitation rate of the NC, i.e., by the

used in the simulations, which give the best agreement witl§r0SS section times the incident photon flux, multiplied by
experimental data, can be found in Table I. the lifetime of the first excited Er level. Since at Er concen-

trations greater than:210°%cm?® the concentration quench-
ing effect also becomes effecti¥®,the Er lifetime will
strongly decrease thus producing a reduction of the maxi-
In Fig. 3 the total number of photons emitted in steadymum number of excitable Er ions per NC. This will produce
state conditions at around 1.54m (solid triangle$ and at  an additional saturation in the high Er concentration side of
around 0.8um (solid circleg, as deduced from experimental the 1.54um curve in Fig. 3.
spectra, are reported as a function of Er concentration, for a In Fig. 4, the Er-related 1.54 and 0.98n luminescence
fixed Si NC concentration of X 10'%cm?®. In the same fig- intensities, corrected for the system response, are reported as
ure, the simulated numbers of excited Er iofmpen tri-  a function of the pump power, varied in the range between 1
angles and Si NC(open circley calculated from Eq(1), and 1G° mW, for a sample containing 6:610°° Er/cn? in
which are proportional to the numbers of emitted photons apresence of Si NC's. In this wide range, the 1@ inten-

3N, is the total Er concentration expressed in cn
By g~ 3% 10PWa; .
‘Upper limit determined within the present experimental data set.

pared to the value of~1 ms related to the'l 5, level.

V. THEORY VS EXPERIMENT
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6.5x10" Er/em’ in Si nc 10°
Z2 0 . : ; @
: o 154pm 1,0 é
_§ v 098 um 102 8 é‘
5 10°F Simulation g %
z o £
= ]
g 1., 8 A~
E 10° -§
= 2} .
= 10° & E
‘—é 3 g 10"
() Zz
£ 10” §a
L%h ¢ . . . N
10' 10’ 10°
Purmp Power (mW)
FIG. 4. PL intensities of the 1.54 and 0.98n lines as a func- FIG. 6. Time-decay curves recorded at 1/ and at different

tion of pump power. Continuous lines are the simulated photor,ymp powers for the sample with &8.0?° Er/cn® in presence of

emissions as obtained by dividing the density population of the firsgj; NC's. The apparent reduction in Er lifetime with increasing

and second excited Er levels by their respective radiative lifetimg,ymp power is due to the up-conversion mechanism between two

(right axis. excited Er ions which causes the quenching of the LBwrelated
level in the first instants of the Er deexcitation.

sity is seen to strongly saturate, while the 0,98 has a
linear trend up to 10 mW and then it starts to saturate abowers used. While the 1.54m intensity varies in a range
higher.powers. It is worth noticing thgt Whil.e.at Ipw pozwers spanning two orders of magnitude, the 0,28 line intensity
the ratio between the 1.54 and 0.8 intensities is~10%  ig geen 1o increase in a three orders of magnitude-wide inter-
at the highest observed powers this ratio strongly reduces a1 with a quadratic power law dependence, as attested by
a factor of 10.' The continl_Jous lines are fits to the gxper_imenfhe’ linear fit (continuous ling Once more, th,e open data
tal data Obta'ﬂed by solving the rate equations given in Eqrepresent simulations obtained within the same model. Since
(@) anq by using Eq(2). . he intensity at a certain wavelength is proportional to the
_To Iinvestigate _the_correlatlon betweer_1 the two qbserve umber of emitted photons, which is moreover proportional
Il_nes, we plott(_ad in Fig. 5 the 0.98m luminescence inten- y, the number of excited centers emitting at that wavelength,
sity as a function of the 1.54m one, for each of the pump it is possible to conclude that the number of Er ions excited
in the %I, level, which is responsible for the 0.98m
Sirmllatedll.54 umEmissign (cn1‘3s’l) emission, is proportional to the square of the number of Er

5 10° v ions which are excited in thél ,5, level, i.e.,N3x Ng. That
10— Experinental Data C A é is to say, in order to have an Er ion excited in the,,, level
linear fit _ <2 g we need two Er ions excited in th8 ;5,, level. This is the
_ A Sinulation (top-right axes) 110" & result of a typical cooperative up-conversion mechanism,
2 L .g well known for Er in Al,O; (Ref. 49 and in silica
g % glasse$**° which, to our knowledge, had not yet been ob-
g E served in the Er-doped Si nanocrystals system. As reported in
-~ S 10" Faﬂ the inset of Fig. 5, in a cooperative up-conversion process,
5 10°L 4 — 7y one of two nearby interacting Er ions, both in the first ex-
— . — _‘;_419/2 g' cited state, gives up resonantly and nonradiatively its energy
41‘”_;_ iogsm o to the other, collapsing to the ground state and bringing the
2 — 110 gw other in the?l g/, level. Then a nonradiative deexcitation oc-
10° - “r curs from this level to the lower lyindl ;,,, level. Hence, the
10* ’ 00 subsequent radiative recombination from this level produces

10 )
L, 4y (arbaumits) a 0.98um photon. We get a 0.98m photon at the expenses

FIG. 5. Correlation graph reporting a quadratic dependence o?f two 1'54_'“m photo_ns which can no more be emitted. Th.ls
the 0.98 um intensity with respect to the 1.54m one for the 'S the physical meaning of the quadratic power law behavior

sample containing 6:810?° Er/cn? in presence of Si NC’s. Solid observed in Fig. 5. )
circles represent experimental data as extracted from Fig. 4. Open Other experimental evidences for the occurrence of the

triangles refer to simulated photon emissioop-right axes as ob- ~ COOperative up-conversion mechanism in our Er doped Si
tained by solving Eq(1). Inset: schematic diagram showing the NC samples can be gained by looking at the time evolution

cooperative up-conversion mechanism between two interacting E9f the 1.54um emission. Indeed, in Fig. 6 time-decay curves
ions, which determines the emission of a 0,98 photon at the recorded at 1.54m are reported for different pump powers,
expenses of two 1.54m photons. normalized to the steady state valuestAtO, after the sys-
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FIG. 7. Comparison between the simulated and experimental ) .
e~ mean decay times of the 1.54m emission as a function of FIG. 8. Time-decay curve of the 0.98n emission for a sample

the excitation power. Experimental data have been extracte§ONtaINING 6.5¢10% Erfcn? in presence of Si NC's. The tail which

from Fig. 6. For a cooperative up-conversion coefficient of 7 extends for times longer than 1 is due to the refilling of the

4 . .
% 10"Y7 cm? s~ a good agreement between experiments and simu. 1112 level caused by cooperative upconversion between two Er

lation can be achieved ions excited both in the long livedl 15, level.

place, a Si NC should remain in its excited state for times as

tem has reached the steady state condition, we switch off thHeng as the Er lifetime, in order to explain the lifetime short-
laser beam and measure the time evolution of the luminesening at times>100 us, as shown in Fig. 6. But due to the
cence signal. At very low pump powers the measured lifestrong interaction between a Si NC and the nearby Er ions,
time is of the order of 1 ms. Actually this low value is a the lifetime of the exciton in the Si NC has to be much lower
consequence of the concentration quenching effect takinthan the exciton lifetime in absence of Er, which~$0 us.
place in this systerf? With increasing the pump power, a Therefore, once the excitation is switched off, an exciton in
shortening of the measured lifetime is observed in the firspresence of Er ions can survive in the NC for time50 us,
instants of the decay, causing a stretching of the decay curvand it is only in this narrow temporal window that the inter-
which recovers its original straight shape only at longeraction leading to an Auger quenching process with the first
times. Indeed, with increasing the pump power, the concenexcited level of Er would occur. Therefore, an Auger process
tration of Er ions brought in the first excited level in steadywould have explained a luminescence quenching at Ar&4
state conditions increases too. Hence it becomes more profor times <50 us but cannot explain the quenching reported
able to find all over the sample pairs of nearby excited Eiin Fig. 6, since it can be observed even for time$00 us,
ions. Within each pair of excited Er ions a strong cooperativa.e., much longer than the typical lifetime of an exciton in-
up-conversion mechanism sets in, producing a fast quencheracting with Er.
ing of the first excited level population, i.e., of the 1.ath Another direct evidence for the presence of cooperative
luminescence. This quenching continues until excited Er ionsip conversion can be envisaged in Fig. 8, where a decay-
remain only far apart, and, being no more interacting, cartime measurement at the 0.98n Er emission is reported,
relax in the ground state emitting photons with the lifetimefor the very same sample containing 8.50°° Er/cn? and
measured at low pump powers. by using a pump power of 66 mW. The 0.2&n line coming

In Fig. 7 the experimenta ! lifetime at 1.54um mea-  from the radiative recombination of levél ;,,, is character-
sured from Fig. Gsolid circleg is reported as a function of ized by a lifetime of~2.5 us, attesting that most of the
the pump power used. For comparison, the values simulatedeexcitations from that level are nonradiative. The decay-
by solving the rate equatiori¢) by using an up-conversion time curve reported in Fig. 8 is composed by a first straight
coefficient of 7x10 " cm®s ! are also shown(open part, showing a lifetime of just-2.5 us, and of a very long
circles. The agreement is good, considering the wide rangeail extending over 1Qus and characterized by a longer life-
of pump powers covered. It is worth noticing that by settingtime. Indeed, this long tail is due to the refilling of the,,
Cyp=0 in Eg. (1) and fixing all of the other parameters, we at the expenses of levél ,5, determined by the cooperative
are not able to take into account the shortening of the lifeupconversion involving two Er ions in the first excited
time with increasing the pump powéopen triangles dem-  level. Since this level is long-lived, two excited Er ions can
onstrating once more that this reduction is mainly caused bynteract through upconversion even at times longer than
upconversion. as reported in Fig. 6, thus repopulating the levél,,,

Actually, another mechanism which could in principle which otherwise would have been depleted in a mean time of
produce a shortening of the Er lifetime at 1.pn is the 2.5 us.
Auger effect between an Er ion in its first excited level and  Since we are eventually interested in the emission of a
an excited NC, represented in Fig. 2 by the coefficiént 1.54 um photon, we want to better investigate the real effect
However, this effect can be ruled out since, in order to takeof upconversion in the dynamics of tHé, 5, level popula-
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FIG. 9. Time resolved PL intensity at 1.34n as a function of FIG. 11. Photoluminescence intensities at @8 as a function

the excitation pump power, normalized to the steady state values gf time, after switching on the laser excitation &0 for the
sample containing 6:810°° Er/cn? in presence of Si NC's. The

tion. Figure 9 shows the normalized luminescence intensitiefean risetime is independent of the pump power excitation, sug-

recorded at 1.54m as a function of time after switching on gesting that the energy transfer time between Si NC's and Er is

the laser beam at=0, and for different pump powers. As actually comparable to the lifetime of levé&l,,,, i.e., of the order

can be observed, the luminescence signal reaches the satus-1 us. The time resolution of our setup is5 ns.

tion value in a time which is shorter the higher is the exci-

tation power. We define the typical experimental risetimge  \here ¢ is the photon flux,7 the total lifetime of level
as the time it takes the luminescence signal to reach the 63% ., - comprising the radiative and all the nonradiative de-
(ie., 1—e ) of the saturation value. In Fig. 10, the recip- excitation processes, and. is an effective excitation
rocal of the experimental risetimesolid circleg extracted  ¢ross section for Er in presence of Si NC’s. From a linear
from Fig. 9 is plotted as a function of the pump power. Thefit of the experimental data through E¢8) a value of
experimental trend is linear up to 1 mW. Indeed, within this_ 5w 1016 cn2 can be estimated for the Er excitation

low power regime it is possible to demonstrate that the regpggg section, in agreement with recent findifyat higher

ciprocal of the risetimery, follows the law pump powers, the linear approximation is no more valid,
and indeed the trend of the experimental data in Fig. 9
1 1 5  Shows a strong saturation, which can be attributed to the
T_On_oeﬁ‘ﬁ+ T’ ) up-conversion mechanism, as indicated by the good agree-
ment of the simulated datapen circleobtained by solving
A=154 m Eq. (D). _ _ o
9000 — . . . - - - Another mechanism which could in principle limit the
8000F  [o=2x10" e | excitation rate of Er is clearly the transfer mechanism itself.
Indeed, given a certain Er concentration, the total number of
70001 i excitable Er ions depends clearly on the excitation power,
. 6000} Cup=7x10'” /s l:_)ut at very high pump powers the effective_ energy transfer
R 5000 o ] time between a single Si NC and each Er ion becomes the
E * physical limiting factor. In Fig. 11, the luminescence inten-
= 4000 7 sity at 0.98um is reported as a function of time, normalized
3000 F - for the steady state values, for two very different excitation
2000 - o Simulation powers. The mean risetime is clearly i_ndependent of the
e  Experiment pump power, being equal to 24s, which is comparable to
1000 T 1 the decay time of thél;/, level. Since this level is directly
s : s s : : s pumped by a Si NC through a fast decay from letig},, we
0 4é%0 200 30% 400 500 600 can conclude that the time it takes a Si NC to transfer its
nm Pump Power (mW) energy to a nearby Er ion must have a typical valuerpf

FIG. 10. The reciprocals of the experimental risetimes measured” 1 /#S- This means that even if the excitation power is such
at 1.54um are reported as a function of the pump power, as deterihat more than one exciton is created in each NC in a time
mined from Fig. 9. From a linear fit of the data in the low pumping interval of 1 us, only one of these excitons can transfer its
power regime(up to 1 mW it is possible to estimate an excitation €nergy to the nearby Er ion in that time interval. Therefore
cross section of-2x 10~ %6 cn? for the Si NC mediated excitation increasing the excitation power over a critical valtg
of Er. At higher powers, a strong saturation is observed, due t€annot produce a corresponding increase in the excitation
cooperative upconversion which limits the excitation rate of Er.  rate, thus contributing to the saturation observed in Fig. 10.
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In order to estimate the value of the critical powr, we [Number of Excited Er ions per nc|
need to equal the excitation raig,¢ of a NC and the trans- : ——— :
fer ratew,=1/7,. By using an excitation cross section of
2x10 ®cn? and a transfer time of lus, we get for
the critical photon flux a value ¢.=(oap7) =5
X107t cm~?s™1. From this critical photon flux value, it is
possible to estimate a critical pump powerRyf=5.7 W. It
is evident from Fig. 10 that the pump power used is well
below the critical valueP.. Therefore we conclude that the
strong saturation in the excitation rate deduced from Fig. 10
is mainly due to the upconversion mechanism.

At this stage, a few comments need to be made, as far as . : . .
the efficiency of the energy transfer mechanism itself is con- 10" 10" 10% 10
cerned. Indeed we can define the efficiengyof the transfer Er Concentration (cm”)
mechanism as the ratio between the transfer probaility ) o .
i.e., the probability per unit time that an exciton generated F!G. 12. Contour plot in a logarithmic gray scale showing
inside a Si NC gives out its energy to a nearby Er ion in thethe number of_ excited Er ions per _Sl nanocrystal_ as afungtlon o_f the
ground state, and the total recombination probability of theE" concentration and power density, as determined by simulations.
same exciton, comprising both the recombination vagdor The contour lines represent constant values. A large region in the
the isolated NC and the transfer probability. Therefore we ge

._
<
h

._.
O.—.
.

<1

488 nm Power Density (W/en’)
S,

_.
<
:

<1 3

hases space exists where a Si nanocrystal can excite more than one

rion.
_ Wy @) nanocrystal, in steady state conditions, as a function of both
e Wi+ Wy the Er concentration and the power density, obtained by di-

viding the pump power by the area of the exciting laser spot
By using the experimentally estimated value-ef us for  (—28x 1073 cn?). White color indicates the region where
7y, and of 2<10° s™* for wy, we get a value 0f-98% for  |ess than one Er ion per NC is excited on average. Continu-
the energy transfer efficiency, which indeed confirms theyys lines represent constant values. Clearly, for Er concen-
strong coupling existing between Si nanocrystals and Efrations lower than X 10%cn®, the number of excited Er
1ons. ions per NC cannot exceed 1. When the Er concentration
equals the Si NC one, the average number of excited Er ions
VI. OPTICAL GAIN per NC increases with increasing the pump power, reaching
asymptotically the value of 1 at the highest pump powers
(vertical dashed line By increasing the Er concentration, the
Many parameters can determine and influence a possiblgump power trend of the number of excited Er ions per NC
optical gain measurement at 1.p4n in Er-doped Si nano- is still characterized by a saturation behavior, since almost all
crystals. Among these, the number of excitable Er ions peof the Er ions are excited at the highest power densities.
nanocrystal clearly deserves great attention. Indeed, in ordétowever, the saturation value obtained at very high pump
to reach high material gain values, high concentrations of Epowers increases with the total Er concentration present in
need to be inserted in the sample and moreover in their oghe sample, as attested by the brighter tones in the figure. On
tically active state. Clearly, if only a small fraction of Er ions the other hand, from Fig. 12 we can observe that if the pump
is coupled with NC’s, all the other Er ions which do not power is lower than~3 Wi/cn?, the number of excited Er
benefit from the sensitizing action of NC’s become stronglyions per NC is lower than 1, even at the highest Er concen-
absorbing. Under these conditions, measuring a positive nétation used. Indeed, since the excitation of Er through a NC
gain could become a quite difficult task to achieve, sincas a sequential process, only one Er ion at a time can be
other processes such as photon absorption from an excitexkcited by a NC, the typical energy transfer time being very
NC, or excited state absorption from the first level of Er will fast, i.e.,~1 us, as shown before. Therefore, once the NC is
dominate. In this section we want to better investigate probexcited, it transfers very quickly its energy to a nearby Er
lems and perspectives related to optical gain in the Er-dopein, thus relaxing to the ground state and waiting for another
Si NC system simply extending the simulations obtainedexcitation to occur. If the time intevalo(,,¢) 1 between
through Eq.(1). Indeed, in the previous section the overall two successive excitations of a NC is longer than the lifetime
experimental data have been fitted through Eg, accu- r of the first excited level of Er, in steady state conditions
rately determining all of the main physical parameters in-only one Er ion is actually excited per NC, even if a lot of
volved. The physical variables that have been varied in th&r ions exists. By lettingo,,¢=7"1, where o,,=2
investigation are the Er concentratigranging between 3 x10 ®cn? and 7=2.5 ms, a critical pump power density
X 10"/em® and 1.4<10%/cn®) and the excitation pump value of~1 W/cn? can be estimated, under which the total
power (in the range 1—10mW). The density of Si nano- number of excitable Er ions per NC is limited by the excita-
crystals in the sample has been fixed~td x 10'%cnr. tion rate of the NC itself. For power densities higher than
In Fig. 12 a contour plot reports in gray scale the simu-3 W/cn?, the number of excited Er ions per NC increases by
lated number of Er ions excited in th#l 5, level per Si  increasing the Er concentration, saturating at the highest Er

A. Role of Si NC in the Er induced gain
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FIG. 13. Contour plot showing the fraction of inverted Er ions Er Concentration (cm3)
as a function of both the Er concentration and pump power density,
in a linear gray scale. This fraction decreases both by decreasing the FIG. 14. Contour plot of the Er induced gain at 1.mn in
excitation pump power and by increasing the Er concentration irEr-doped Si NC's as a function of Er concentration and power
the film. density. The white region is for negative gain. The values have been
obtained by assuming an Er emission cross section of 1

. . X101 cn?, as recently determined by both Ki&t al. (Refs.
concentrations to a value which depends on the pump poweé8,39 and Shinet al. (Refs. 40—42 The continuous white line

This saturajuon is prodgced by c':oncentraulon quen.chln.g a”ﬂ;presems the zero Er-induced gain threshold curve for Er ig,SiO
up-conversion mechanisms, which are quite effective in th&ithout Si NC's (only direct absorption considered
sample. As can be seen, a single Si NC can excite a number
as high as 30 Er ions, at the highest pump power and Ethe marked solid curve, delimiting the two regions of posi-
concentration used. tive and negative gain. This is quite similar to a phase tran-
It is now interesting to study the Er concentration and thesition diagram, where the space coordinates are the Er con-
power dependence of the fraction of inverted Er ions in thecentration and the power density, and the two phases are,
sample, defined asNG,— N;)/Ng, whereN,, N, are, respec- respectively, the absorbing and the amplifying Er state.
tively, the steady state concentrations of Er ions in the firsHence the marked line represents the region where both the
excited level and in the ground state, as determined by sohamplifying and the absorbing phases coexist, i.e., where the
ing Eq. (1), andNy is the total Er concentration in the film. material is transparent at 1.54m. By increasing the Er
The results are shown in Fig. 13, where contour lines repreeoncentration, starting from a value ofx30'/cm®, the
sent constant values. The white region represents negatiygimp power needed to hage=0 has to be increased too. It
values, i.e., noninverted Er ions. For Er concentrations loweis worth noticing that for Er concentrations higher than the Si
than 1x10'%cm?®, 90-100% of Er ions can be excited at NC one, despite quenching processes are limiting the frac-
very high pump powers. At a fixed high power density, bytion of inverted Er ions, as shown in Fig. 13, positive Er
increasing the Er concentration, the fraction of inverted Efinduced gain can still be achieved. In particular, higher Er
ions is seen to decrease, due to nonradiative quenching primduced gain can be reached at the highest pump powers and
cesses, such as concentration quenching and upconversidfr, concentrations. For example, gain values in between 4
which become active for Er concentration greater tharand 10 cm?® can be obtained in a wide region of Er concen-
~107%cm® and tend to deplete the first excited level of Er. tration, in the range % 10°-6x 10?%cm?®, but at a power
However, if we look at the gain that can be induced by all ofdensity of about 3.5 10° W/cn?. Clearly, decreasing the
the Er ions present in the matrix, a different scenario appeargpower density produces a reduction of the Er concentra-
Indeed, in Fig. 14 a contour plot showing the Er inducedtion window where these gain values can be achieved. Given
positive gaing at 1.54 um as a function of both the Er a certain Er concentration, a critical value of the excitation
concentration and the pump power is reported in a gray loggsower exists under which negative losses can only be
rithmic scale. The white region is for negative gain. Theobserved. For example, when the Er concentration is
border line dividing the white and the gray regions is the2x 10°%cm?, a positive Er induced gain could be mea-
zero-gain line. Actuallyg=o(N,—N;), where g, is the  sured only using power densities greater tha?50 W/cnf.
emission cross section of levél s,, and \N,—N,) is the In addition, a slight increase of the Er concentration
total concentration of Er ions inverted in that level. For theproduces a strong enhancement, with a quadratic law, of
emission cross section of Er, a value ok10 ' cn? has  the power threshold, as described by the marked line in
been used, as recently determined by both &ilal®*3*°and  Fig. 14.
Shinet al**~*2Figure 14 is quite interesting, since it shows In Fig. 14, a white line showing the simulated zero-gain
that in order to achieve a positive gain, we need to get acrossurve for Er in SiQ without Si NC is also reported. In this

Er Concentration (cm”)
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case only excitation of Er through the direct absorption of a |Fracti0n of Excited Si nc|
488 nm photon is considered, i.e., the const@ysdescrib- ~ ~
ing the coupling between Si NC's and Er ions have been se g
to zero, while all of the other parameters have been main-% 10°

mines a lowering of the pump power threshold needed to
observe Er-induced gain, with respect to Er-doped insulating® 10"+ 3
hosts, where only direct photon absorption, characterized by : . : :
a much lower excitation cross section can ocgiiy. More- 10 10" 10° 10*
over, EP" ions in presence of Si NC's can be excited by Er Concentration (cm'3)
photons which are not necessarily in resonance with the ab-
sorption spectrum of BF, since Si NC’s can absorb light in FIG. 15. Contour plot showing the fraction of excited Si nano-
a broad spectrum and then transfer quasiresonantly and effirystals as a function of both the Er concentration and the pump
ciently their energy to the rare earth. This clearly opens th@ower, as obtained by simulations.
way towards Er-doped Si-NC-based optical amplifiers
pumped by broad band light sourceg§i) Eventually, Si
NC’s dispersed in the oxide matrix determine both an in-tion of Er ions in the film is lower than 2cm?, by increas-
crease in the mean refractive index and a reduced homoggg the pump power, the fraction of an excited Si NC in-
neity of the material. This produces a greater mixing of thecreases in a way which is almost independent of the
Er related level, and as a consequence, an increase in tharticular Er concentration. At the highest pump power used,
radiative transition probability, which reflects in a clear in- glmost 100% of Si NC's can be excited. When the Er con-
crease of the Er emission cross secfidff: Since optical  centration is increased, more than one Er ion can be coupled
gain is directly proportional to the emission cross section, thgvith a single Si NC, as already reported in Fig. 12. Due to
Er-doped Si NC offers greater changes to have higher Ethe strong coupling, the contour lines which describe the
induced gain values at 1.54m, with respect to insulating constant fractions of excited Si NC’s bend towards higher
hosts. pump powers. Indeed a wide region opens(igpresented
by white), where less than 10% excited NC exists in the film.
) ) ] This is a region where losses induced by CCA from an ex-
B. Role of Si NC in the optical losses cited Si NC can be so low to allow for a good chance in
Despite the clear positive effects in the Er induced gainobserving positive gain.
Si NC'’s could, however, introduce loss mechanisms, which In order to compare the strength of both the Er induced
deserve to be studied in details in order to understand thgain g and the Si-NC-induced lossegc,, we define a pa-
establishment of a net positive gain at 1,6 in Er-doped rameterp as the ratio
Si nanocrystals. Among these, the most important is surely

tained fixed to their original values for simplicity. As can be 090 - 1.0
seen, the power density threshold for observing positive gair 2 =g§g o
is strongly increased, by 3 orders of magnitude. Thus from 10° 0.60 — 070
Fig. 14 it is evident that Si NC's play a key positive role for é ] 0.50 - 0.60
the Er induced gain in three main way#) First of all the 2 o
presence of Si NC’s which can strongly absorb the 488 nm 2 10" 3 8?8 - g;(o)
incident photons and rapidly transfer the energy to Er, deter- g — T
o0

the confined carriers absorptig@CA) mechanism describ- g oo(N,—Ny)
ing the absorption of a 1.54m photon from a confined p= 2 (5)
exciton in a Si NC. This process is the analog of the well &cea Tccalb

known free carrier absorptioffirCA) occurring in bulk crys-

talline Si, where a 1.54m photon can be absorbed by a free whereo ¢, is the confined carriers absorption cross section.
carrier (both an electron in the conduction band or a hole inin order to have a positive net gain, we should hawel . In

the valence bandvhich is then promoted to a higher excited Fig. 16 the ratio between the concentration of inverted Er
level. The excitation cross section describing FCA is of theions(i.e., N,—N;) and the concentration of excited Si NC's
order of 10" cn?, while no determination of the CCA (i.e., n,) is reported as a function of pump power and Er
cross section is known to our knowledge. In order to studyconcentration. A wide region in the phase space exists where
the weight of CCA, we simulated the fraction of excited Si (N,—N;)/n,>1. In this region a net positive gain would be
NC'’s in steady state in our Er-doped Si NC system. By solv-observed only ifo./occca=1, since in this cas@>1 too.

ing Eq. (1) using the coefficients in Table I, we determined But this is a quite lucky situation, where we are assuming
the concentratiom,, of excited Si NC’s. In Fig. 15, the frac- that the emission process from an excited Er ion has the
tion of an excited NC, obtained by dividiny, for the total  same(or highe) strength than the carrier absorption from an
NC concentratiom, is reported as a function of both the Er excited Si NC. Unfortunately, this turns to be untrue to some
concentration and the power density, in a gray scale contowxtent. For example in bulk Si the free carrier absorption
plot. This time, increasing values are represented by darkerross section is more than two orders of magnitude higher
tones of gray. It is worth noticing that when the concentra-with respect to the emission cross section of Er. However,
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FIG. 16. Contour plot for the ratio between the concentration of 'go "0.‘
inverted Er ions and the concentration of excited Si nanocrystals = ‘..
versus the Er concentration and the pump power density. The region Z. ?2)
in the phase space where an effective gain can be observed depends 2
on the effective ratio between the emission and the confined carriers 2%
absorption cross sections. -50¢t : : Qul

10° 10' 10° 10
488 nm Power Density (W/cm")

recent experiments suggest that carrier absorption from Si  FIG. 17. (a) Er induced gain(up triangle$, Si nanocrystals in-
NC could be somewhat reduced with respect to bulklR&f.  duced losgdown triangle¥ due to absorption from a confined ex-
39), being characterized by an absorption cross section dfiton, and effective gairiclosed circles for a sample containing
~10 8 cm?. Therefore, assuming this value, we get2.4x10°%cn? Er ions, as a function of the excitation power den-
ogolocca=10"1. Hence a net positive gain could be sity. A positive net gain of 0.24 cm'* can be observed at high pump

achieved only when N,—N;)/n,>10, as reported in powers.(b) Net gain for three different values of the confined car-
Fig. 16 2 viTb ' riers absorption coefficient.

In Fig. 17a), the Er induced gaig (up triangle$, the Si
NC induced losses., (down triangley and the effective
gain g,e=g— acca (closed circlesare shown as a function is a clear proof that CCA should be quite reduced with re-
of the excitation power, for an Er concentration of 2.4 spect to the bulk Si value.
x 10%%cm?. For very high pump powers, the simulated net
gg_in_ is 0.2.4r cm®. This positive gain is_ a resullt of the sen- VIl. CONCLUSIONS
sitizing action played by Si NC’s in exciting Er ions. Indeed,
since each NC is able to excite more than one Er ion, the In conclusion, we have presented a phenomenological de-
material gain can be so high to overcome the Si NC inducedcription of the Er-doped Si nanocrystals system able to
losses. Moreover, due to the strong interaction between N@Quantitatively describe the measured optical properties. By
and Er, the energy transfer time can be so fast to stronglintroducing a rate equation based formalism, describing the
reduce the fraction of excited Si NC's, thus lowering the NCdensity populations of interacting Si-NC—Er levels, we were
induced losses. Higher gain values could be obtained inable to determine both the NC-Er coupling constant and the
creasing the coupling coefficient between NC and Er andip-conversion coefficient, through a fit of the overall experi-
reducing the up-conversion mechanism, by playing both withmental data. Moreover, an energy transfer time-af us has
the material used and with the preparation conditions. Howbeen experimentally estimated. It has been demonstrated that
ever, an accurate determination of the confined carriers aleach Si nanocrystal can be coupled with more than one Er
sorption cross section is still necessary, since as reported ion, the maximum number of excitable Er ions per nanocrys-
Fig. 17b) the actual value of this parameter strongly influ- tal being only limited by the Si NC excitation rate, by the
ences the net gain of the Er-Si NC system. Indeed, from thétal Er concentration, given a fixed NC concentration, and
figure it can be noticed that the system can have quite higkventually by the transfer time. The possibility of observing
gain values ¢ 10 cm 1) if occa=1x10"1°cn?, while it  positive gain at 1.54:m in such a system has been exten-
turns to be strongly absorbing if the CCA cross section tendsively discussed, with a particular attention to gain limiting
towards the bulk-Si value of 210" %" cn?. The recent ex- effects, such as cooperative upconversion and confined car-
perimental observatidfi-*?of net optical gain in the system riers absorption induced by excited nanocrystals. Indeed we
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