PHYSICAL REVIEW B 69, 233315(2004)

Sensitization of Er luminescence by Si nanoclusters
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Sensitization of Er emission by Si nanoclusté®snc) is investigated with pulsed and continuous optical
pumping, in and off resonance with excited states éf Em. We show that under high-power pulsed pumping,
the excitation process is limited by the finite energy transfer time from Si-nc ¥bi&ns. By comparison
between pulsed and steady-state excitation, the concentration of sensitizers and average nurdbénsf Er
coupled to a single nanocluster are independently determined in an experiment. The results clarify conditions
needed for efficient sensitization of SiCr by Si-nc.
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Due to a spectroscopically sharp and temperature-stabl@250°C, 1 h of a 0.1um thick film of SiQ, with 42 at.
radiative transition ah =~ 1.54 um which coincides with a % Si, grown on a quartz substrate by plasma enhanced
minimum loss in optical fibers, the Erion is the optical chemical vapor depositiohBy using a transmission electron
dopant of choice for optoelectronic applicatidnSemicon-  microscope coupled with an electron energy loss spectrom-
ductor hosts are especially attractive for optical doping. Thester tuned to the energy of the plasmon in(8.7 eV}, the
photoluminescencéPL) excitation cross section is in this total concentration of Si-nc was found to be<&0'-1
case very high due to an efficient band-to-band absorptiornx 10'® cm™ with a mean diameter ai=3.5 nm. The uni-
Unfortunately, for Er-doped crystalline Si nonradiative de-form Er concentration of 2.2 10?°cm™ over the whole
excitation processes lead to thermal quenching of* Er thickness of the films was obtained by multiple Er implanta-
emissior? On the other hand, in a dielectric like SiQuhich  tions at different doses and energies, followgdlth anneal-
provides good thermal stability of ErPL, its excitation ef- ing at 900°C. We will refer to the SiQEr and SiQ:
ficiency is low, as only resonant energy absorption by theSi-nc:Er films as Sample Nos. 1 and 2, respectively.

Er®* 4f electron core is possible. To combine the advantages The PL measurements were carried out at room tempera-
of both hosts, a different type of Si-based Er-doped opticature under pulsed and continuofesv) pumping. As a pulsed
medium was recently explored. It is comprised of an Er-source, a tunable optical parametric oscillat@PO was
doped SiQ@ matrix in which a high concentration of silicon used, producing pulses of 5 ns duration at a 20 Hz repetition
nanoclustergSi-nc) is dispersed.Nanocrystalline materials rate. By scanning the OPO wavelength, a PL excitation
are currently investigated for the realization of optical dhin. (PLE) study was performed. For cw pumping, the

The Si-nc mediated energy transfer offers an effective exci=514.5 nm and 476.5 nm lines of an *Alaser were used.
tation cross section of ~I& cn?5® much higher than the The PL spectra were resolved with a single grating spectrom-
10721-1019 cn? cross section of resonant excitation foPEr  eter and recorded with a germanium detector. The PL dynam-
in Si0,.>7 ics were measured with a near-infrared photomultiplier hav-

In this heterogeneous mediut®iO,:Si-nc,Ep the in-  ing a response time of 300 ns.
coming photons are captured in Si-nc due to efficient band- PL experiments showed that the3Erelated emission,
to-band absorptiofand subsequently, the excitation energyoriginating from the?l;3,— %15, transition, has the same
is transferred to Ef ions located preferably outside spectral shape for Samples Nos. 1 an¢h@t shown. The
Si-nc10 In this way, an efficient channel for nonresonantEr* ions in Sample No. 1 were excited resonantly with the
excitation leading to temperature-stablé‘Eemission is re- OPO set to\e,=520 nm, while for Sample No. 2, an iden-
alized. Moreover, electrical excitation can also be achievedical emission spectrum was obtained for a broad range of
and efficient electroluminescent devices have recently beeexcitation wavelengths. We conclude that thé*BERL spec-
demonstrated! In the current study, we investigate in detail trum is not affected by the presence of Si-nc. In contrast to
the sequential excitation mechanism of *Erions in that, the introduction of nanoclusters reduces the lifetime of
SiO,: Si-nc:Er. In particular, we show that under certain ex-the %15, state from 72 %2~11 ms to aboutr2"°~3 ms.
citation conditions, the emission is limited by the concentra-The observed shortening of the decay time can be due to the
tion of Si-nc coupled to Ef ions. reduction in radiative lifetime of thél 5, excited state, in-

The experiments were performed on two Er-doped silicaduced by the change of refractive index in the heterogeneous
samplesSiO,:Er) of which one also contained Si nanoclus- medium*? By measuring the refractive index change upon
ters(SiO,: Si-nc: Ep. The Si-nc were fabricated by annealing introduction of Si-nc and assuming that the lifetime of‘Er
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FIG. 2. Time-integrated PL intensity at=1.53 um as function
of the pulsed excitation densitgg) Sample No. 1SiO,:Er) excited

FIG. 1. Room-temperature photoluminescence excitation spec! Aexc=520 nm, (b) Sample No. 2(SiO;:Si-nc:Ep excited at
tra for Sample No. 1(SiO,:Er) (a) and Sample No. ASiO,;  Mexc=520 nm,(c) Sample No. 2 excited ate,=510 nm;(d) the
Si-nc,E) (b). Inset presents details of PLE spectra X difference betweerb) and(c). The right-hand scale shows the con-
~520 nm, measured with maximum OPO powdb~3 centration of E¥* ions in the excited state in Sample No(upper
X 1025 cm2s7Y), par and Sample No. 2lower parj. The inset presents a detail for

the low flux regime.

Excitation wavelength (nm)

in silica is purely radiative, we have estimated the radiative

lifetime of EF* in Sample No. 2 as-9 ms. Therefore, any section, gives a sizeable PL contribution that increases lin-

further decrease in the measured lifetime has to be ascribeghrly with the flux — tracgd). For small flux regime, far

to nonradiative de-excitation channels available in the matriXrom saturation, both samples show an approximately linear

containing Si-nc. This leads to a reduction of the Er-relatedlependence with the stronger emission from the Si-nc-doped

PL intensity by a factor of-3, with respect to Er in Si© sample, as shown in the inset to Fig. 2. We note that the
Figure 1 shows room-temperature excitation spectra oénhancement due to Si-nc is only by a factora, and not

Er-related PL al=1.53 um for Sample Nos. 1 and 2. As 107 as usually reported from cw experiments.

can be seen, for Bt ions in SiQ only resonant excitation is For interpretation of these results, we use a simple two-

allowed with emission peaks corresponding to internal transtage model of Ef excitation. Since the duration of the

sitions within the 4 electron core. The introduction of Si-nc OPO pulsgAt=5 n9 is much shorter than the characteristic

(Sample No. 2allows indirect excitation over a broad wave- lifetime of EF" in the excited state, we assume that recom-

length range. bination does not take place during illumination, and by the
The right panel of Fig. 1 shows details of PLE spectraend of the pulse populatioIN*Er reaches the level of:

aroundig,.~520 nm measured with the maximum available .

OPO power. It should be noted that the spectral width of the Ng(t = At) = NE[1 - exd— o®AD)], (1)

OPO is about 0.5 nm and therefore the measured broadenin

is not instrumental, but reflects the physical width of thisWhereNgr is the total concentration of excitable *rions
PLE line. present in the samplé|g, is the concentration of the ions in

Figure 2 presents the dependence of PL intengityx the excited statey is the effective excitation cross section,
=1.53 um) as a function of excitation density. Displayed setsand @ is the photon flux. For low excitation density, when
of points correspond ta@) Sample No. ASiOEr) excited o ®At<1, this formula gives a linear dependence on flux:
at heye=520 nm, (b) Sample No. ZSiO,: Si-nc,E excited  Ne(t)=o ®NgAt. On the other hand, whea ®At>1, we
at Noye=520 nm, where indirect and direct excitation chan-obtain saturation, as all*the Erions _part|C|pat|ng in the
nels are possible, antt) Sample No. 2 excited ako,, Process become exciteti =Ng. In this measurement, the
=510 nm(indirect excitation only. Trace(d) represents the PL pulse is integrated in time; since PL emission is propor-
difference between the last two measurements and corréiOnal t0 Ng,/ 754 the result of the experiment is given by
sponds to the contribution of direct excitation in presence ofNer7/ ras Where 7 and 7,4 are effective and radiative life-
Si-nc. The measurements were performed with the same efMmes, respectively.

perimental settings, thus the PL intensity scale is common From Fig. 2, we conclude that the Si@r emission
for all the data points. As can be seen, the indirectly excite@hows a linear dependence over the whole investigated flux
Er¥* emission from Si@: Si-nc, Er(c) saturates. This satura- range. In this case, the integrated PL intensity is proportional
tion level can be exceeded when also the direct excitatiof® ONgAtP(7/ 7,9, and the values of these parameters are
channel of E¥* ions is enabled, by setting the OPOXg,,  Known: ¢35 1=2x 100 en?,” Ngi=2.2x 107 em (all
=520 nm(b). Apparently, when the indirect excitation chan- implanted ions are optically actiyeand 7/ 7,,q=1 (we as-
nel saturates, direct excitation, despite its much smaller crossume that nonradiative recombination of Er does not take
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place. Therefore, the well-characterized SiBr system can the Ar* laser, the direct excitation cross section of‘Hior

be used to attribute the PL intensity to a particular concenSample No. 1 is about 30 times lower thamat.=520 nm
tration of excited Et* ions, as given by the upper right-hand (as shown in Fig. } which leads td,/1;~70. This rough
scale in Fig. 2. Although the PL intensity scale is commonestimation of PL intensity increase in Sample No. 2 is in
for all data points in Fig. 2, the EY excited state population 90od agreement with experimental reports on two orders of
should be corrected for the Si-nc-induced change in radiativé'agnitude PL enhancement by Si-nc dopiriGherefore at
effective total lifetimes, which reduces thér,q ratio by a  this stage, we conclude that the reduced concentration of
factor of 3. Consequently, the excited state population ifE" ions, which can be efficiently excited via Si-nc, can
Sample No. 2 has to be three times higher in order to give PECcouUnt for the moderate increase of PL intensity in

- : : -+ Si0,: Si-nc sample.

intensity equal to that of Sample No. 1, in the same excita~ 0, ; . .

tion conditions. This correction is included in the lower partlevzlogvfe,\\/g;'g%h; ‘i'gﬂbfm’_]? tiidctc?ritpg;gbcl):t\?\;irtf dthseatgéitlon
B _ . . E -~ . -

gthhetrlgr:F hang scaled|? F'g' 2. \INeNnov; C?}gg?qned.t:;itt tQegentration rof Si-nc in Sample No. 2. While the excitation

i taﬁinurg(;?rgsoposfdr\s/e o Oz;n 2';‘5; d 3%rcoﬁcen tr::\tioln of Xproceeds via Si-nc, it is also possible that the emission satu-

ex__ 017 ei@ o . rates due to Si-nc rather than3Erons. Indeed, with the
aboutNg,~3.6x 10°" cm™, which is only a minor part of  pnoton flux ofd=1x 105 cni2s™, we get for the excita-
the total EF* amount present in the sample. By fitting datasetijon rate of a nanocluster a value @fb=10° s, where we

(c) with Eqg. (1), we determine the effective cross section of have used the measured vatae 1 X 10716 cim? for the exci-
the Si-nc mediated excitation as=8.7+0.3<10°* cn¥,  tation cross section of a Si nanocluster. Therefore, during the
close to previous reporfs2We note, that a similar value of 5 ns of the laser pulse, each nanocluster is excited five times.
can also be estimated from the general formula for excitationt cannot, however, accumulate generated excitons due to a
cross section of Ef in crystalline Si® ~ strong Auger effect which rapidly~1 ng reduces their
The contribution from the EF ions directly excited in  nymper. We note, that although the nanocluster can transfer
Sample No. 2 is represented in Fig. 2 by poifts The flux  an exciton to a nearby Efion, the transfer time is of the
dependence of this emission is linear, similar to that forgrger of a microsecont;*6i.e., much longer than the Auger
SIO;:Er — trace(a), but with a smaller slope. If the direct time constant. This makes the3Emexcitation process non-
excitation cross section is assumed to be the same in bo%mpetitive with Auger quenching. At the end of the laser
samples, the slope difference implies a reduction of the cornyise, only one exciton per nanocluster is left to transfer its
centration of optically active ions. From this, we concludeenergly to a nearby B ion. Due to this mechanism, under
that in SiQ:Er with Si-nc a sizeable percentage of Eions  pyised pumping, the concentration of excited Er ions cannot
can be optically nonactive. In the present case, in Samplgyceed the concentration of Si-nc. In that way, the present

No. 2 only ~30% of the total amount of Ef contributes o measurements provide a possibility of direct experimental
the PL regardless of the excitation mode. Recent measurgtermination of the concentration of Si-nc sensitizers.

ments indeed show that the active fraction of‘En pres- The above outlined PL saturation mechanism will not oc-
ence of Si-nc varies upon thermal treatmefits. cur under cw pumping, where temporal limitations are of no
In the linear regime, the PL intensity ratio of Sample Nos.jmportance and every nanocluster can undergo multiple ex-
2 and 1,1,/1; is given by citations during illumination time. We hence performed cw
A measurements in and out of resonance using an excitation
la_o0p% Na(75/ 75 ) wavelength of 514.5 or 476.5 nm of an*Apn laser, respec-
Iy o X Ny(7g/ 7529 tively. The data reported in Fig. 3 show that, the 1% PL

intensity in Sample No. 2 increases linearly with excitation
where oy 5, Ny o, 7, and 775 correspond to the effective density for the flux range up t&=~5x10'8 cm?s™.. For
excitation cross section, concentration of excitabf& Ems,  higher flux values, excitation becomes less efficiauiblin-
effective, and radiative decay times, for the Sample Nos. kar dependengéut no saturation is reached within the in-
and 2, respectively. If we consider that upon the introductionvestigated range, up t@=10*cm?s™. (The higher PL
of Si-nc, the excitation cross section is increased approxintensity at\.,.=476.5 nm is ascribed to the larger absorp-
mately 4.3x 10° times, ther/ 7,4 ratio is reduced by a factor tion coefficient of Si-nc at shorter wavelength€omparing
of 3, and the E¥* population, which can be excited via Si-nc, the results obtained for both samples under 514.5 nm pump-
is 3.6 10'7 cm 3, then we obtain,/1;~2.3. This is indeed ing in the linear regime, we conclude that the introduction of
observed in the linear regime of pulsed excitation, where th&i-nc leads to an increase of the steady-state PL by a factor
Si-nc sensitized emission is about three times stronger asf |,/1; of ~35-70. Within the experimental error, this is in
shown in the inset in Fig. 2. To compare this with the PLreasonable agreement with the results obtained from the
intensity ratio observed for cw excitation with an*Aaser,  pulsed excitation experiments discussed earlier.
we should take into account that the,.=514.5 nm line is Since PL intensity from Sample No. 1 is practically a
not exactly resonant with thél,s,— 2H,q, transition at linear function of the photon flux, similarly as for the pulsed
520 nm. From the broadening of the SiBr PLE line(Fig.  experiment, we can use this dependence to determine the
1), we see that the excitation cross section at 514.5 nm isoncentration of the excited Erions in Sample No. 2. In
about ten times smaller than at 520 nm. This fact will influ-that way we conclude that the concentration of th& fons
ence the PL intensity ratio in favor of Sample No. 2 and wewhich can be excited in Sample No. 2 under cw pumping
getl,/1;=23. For the experiment with,,.=488 nm line of  exceeds the “saturation” level realized under pulsed pump-
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FIG. 3. PL intensity ah=1.53 um as a function of the continu-
ous excitation densityta) Sample No. 1(SiO,:Er) excited athgy.
=514.5 nm, (b) Sample No. 2(SiO,:Si-nc:Ep excited at\eyc
=514.5 nm (in resonancg (c) Sample No. 2 excited ahgy
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to the concentration of Si-nc acting as sensitizers. As the cw
pumping density increasgs> >5x10*® cm?s™1) we step
over to a regime when every nanocluster activates multiple
Er** ions. Since the energy transfer tinie1 us) is much
shorter than the Er decay tinje-3 mg, the concentration of
excited E?* ions builds up toward saturation.

By comparing the data of Fig. 3 with the saturation level
determined in Fig. 2, we conclude that at the maximum flux,
on average up to 20 & ions are excited by a single Si
nanocluster. In that way, the differences in results obtained
under pulsed and cw excitation open the route for a deeper
understanding of the microscopic details of the sensitization
process.

In conclusion, the current findings provide the most direct
illustration of the sequential character of the SE¥ PL sen-
sitized by Si-nc. Under high-power pulsed pumping every
sensitizer can transfer energy to oné*Hon, and the excited
state population stabilizes at a level equal to the concentra-
tion of Si nanoclusters active in the sensitization process.

=476.5 nm(out of resonange and the right-hand scale shows the g ch a3 measurement allows the direct experimental determi-
concentration of EY' ions in the excited state attributed in Sample ation of the total concentration of sensitizing nanoclusters.

No. 1. Due to the lifetime difference, the concentration scale forUnder intense cw pumping,

Sample No. 2 should be corrected by 0.82, as indicated.

ing, by more than an order of magnituddhe very high

the excitation process changes
from a regime when every Si-nc excites at most ong Bn
(high excitation cross sectipho a situation when excitation

concentration of excited B ions is also confirmed by the Of several E¥" ions originates from photon absorption in the

upconversion, which occurs in this caSg.

same Si-ngexcitation cross section gradually decreasts

The striking differences in results obtained for Sampleis therefore evident that careful simultaneous optimization of
No. 2 under pulsed and cw excitation can be readily underconcentrations of both the emitting cent¢&>* ions) and
stood when we assume that the saturation behavior observeensitizers(Si-n¢) is required for realization of efficient
in Fig. 2 is due to the limited concentration of sensitizersemission and, possibly, optical gain in Si@i-nc, Er.

(Si-ng) rather than EY ions. The linear regime in Fig. 3
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