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Evidence of energy coupling between Si nanocrystals and Er 3+
in ion-implanted silica thin films
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Silica thin films containing Si nanocrystals and*Ewere prepared by ion implantation. Excess Si
concentrations ranged from 5% to 15%;Erconcentration for all samples was 0.5%. Samples
exhibited photoluminescence at 742 fattributed to Si nanocrystalss54 nm(defects due to Bf
implantation, and at 1.53um (intra-4 transition$. Photoluminescence intensity at 1.%3n
increased ten times by incorporating Si nanocrystals. Strong, broad photoluminescenceuah 1.53
was observed foip,m, away from Ef" absorption peaks, implying energy transfer from Si
nanocrystals. Erbium fluorescence lifetime decreased from 4 ms to 1 ms when excess Si increased
from 5% to 15%, suggesting that at high Si content'Eions are primarily situated inside Si
nanocrystals. ©1999 American Institute of Physid$§0003-695(99)04040-]

Recently, room-temperature light emission from porousform nc-Si distribution(nanocrystal sizes ranged between 1
Si! Si-rich silica thin films? and Si nanocrystalénc-Sj in and 4 nm.
silica matriced has been demonstrated. Nanometer-sized Si  The annealed samples were implanted witd Erm-
particles exhibit unique electrical and optical properties noplantation energies ranged between 80 and 380 keV and the
observed in bulk material. Ef-doped Si has also attracted Peak E?* concentration was 0.5 at. %on doses ranged
interest for its applications in silicon optoelectronicsEis ~ between 7.5 10" and 2.4< 10'° ions/cnf). The calculated
attractive because its 1.58m emission coincides with the depth profile of Ef* is shown in Fig. 1. It is apparent that
low attenuation region of silica optical fibers andEdoped ~ Most of the incorporated Er sees a nanocrystal environ-
Si has received much attentiéfi. Energy coupling between Ment. EF* implanted samples were not annealed in the
Si nanoclusters and BEr was first demonstrated in pre§e.nt exper|ment. Prior to ¥rimplantation the sampleg
Er*-doped Si-rich silica thin films produced by plasma- exhlplted Il_Jmlnescence only a_t about 1.7 e_V due_ Fo nc-Si, as
enhanced chemical vapor deposifiand was recently dem- published in Ref. 9. Photoluminescen@d.) intensities an_d
onstrated in cosputtered Erdoped silica thin films:a simi- peak energies were strongly affected by the excess Si con-

lar effect is also seen in chalcogenide gladsdis is centration; the 1.7 eV peak shifted to lower energies with

tentially | fant si it | . ¢ th increasing concentrations of excess Si atdms.
potentially important since it may relax requirements on the Room-temperature PL from samples was studied using

N )
Er*" pump source and lead to broadband pumped optical, A+ laser, a single grating monochromator, and standard

devices. lock-in techniques. An InGaAs photodiode and a photomul-

In this S“id_y we demonstrate energy coupling betweer;sjier tube were used to detect infrared and visible spectra,
nc-Si and Et" ions in ion-implanted silica thin films. lon respectively. Spectral response of the detection system was

implantation is a promising technique for producing Sicajibrated using a tungsten white light source. For fluores-
nanocrystafsand also incorporating Ef into thin films°

Samples were prepared by implanting 8ito thermally
oxidized Si(oxide thickness around 300 nnSix implanta- -
tion energies were used between 25 and 200 keV: peak ex- [ Si0, layer
cess Si concentrations were between 5 and 15 atiov
doses ranged from 1x010'° to 2.0x 10'7 ions/cnf). Depth
profiles of implanted Si ions were calculated usimgv*! as
a first approximation, and are shown in Fig. 1. Samples were
subsequently annealed at 1050 °C in a flowing &imo-
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FIG. 2. Room-temperature PL spectra of Edoped silica samples with - ) ]
and without nc-Si using the 476.5 nm line of an'Aaser as the excitation FIG. 3. (8 PLE spectra of E¥-doped silica samples with and without

wavelength. The nc-Si samples prior to Er implantation were thermally annc-Si- An absorption spectrum of an*Erdoped silica optical fiber is also
nealed at 1050 °C fo8 h in aflowing N, atmosphere. shown for comparisor(b) PL intensities at 1530 and 724 nm as a function

of pump power density for the silica sample with 5% excess Si. The sample
was pumped using the 488 nm line of anAaser.

cence lifetime measurements, the lock-in amplifier was re-
placed with a digital oscilloscope which displayed fluores-

cence decay traces. ms for the sample containing 5% excess|[iBset of Fig.

Figure 2 shows PL spectra from the®Erdoped silica 2(b)]. It should be noted that the Erlifetime in both amor-

thin films both with and without nc-Si, pumping the samplesphous a_nd _c_rystalline Siis far shorter_than_ in sifiddore-
at 476 nm. After E¥" implantation there is evidence of two OVer @ significant decrease of the PL is evident for the 15%

PL peaks[Fig. 2@]; the first at around 1.9-2 eV can be Si Sample indicating that the E*rions. see a predominantly
attributed to implantation-induced defects in sifical®  Sienvironment. The luminescence yield from erbium in Siis
(caused by the incorporation of £) and does not shift with 10w, as coordination with oxygen is a necessary prerequisite
Si concentration, while the nc-Si peak at 1.7 eV changedor photoluminescencl.We therefore speculate that for low
peak energy as the Si concentration varies. Although relategoncentrations of excess Si in silica enhanced!” ERL re-
to implantation damage, the intensity of the 2 eV peak isSults from energy exchange between Si and Er. However, at
clearly very sensitive to the Si content of the matrix. It ap-higher concentrations, the proportion of Elying within Si
pears that the inclusion of a small excess of Si facilitates thélusters is sufficiently high that the PL yield is reduced.
production of luminescent defects on further implantation. Figure 3a) shows PL excitatiolPLE) spectra for the
Figure 2b) shows near-IR Bf PL spectra, pumped at Ert*-implanted silica samples. For comparison, we include
476.5 nm. The emission peakat1.53 um corresponds to an EF" absorption spectrum from a silica optical fiber. The
the intra-& (*l 13,— 115, transition. Figure @) illustrates ~ agreement between the PLE spectrum of stoichiometric silica
the effect of incorporating nc-Si in silica. PL from and the absorption spectrum of the fiber indicates direct ex-
Er**-doped silica films containing nc-$10% excess $iis  citation of EF* in stoichiometric silica. However, the
ten times larger than that from a stoichiometric silica thinsamples containing nanocrystals demonstrate indirect pump-
film implanted with the same Ef concentration. The full ing of EF*. This is most obvious for the sample containing
width at half maximum(FWHM) of the emission spectra is 15% excess Si: the PLE spectrum is relatively flat, illustrat-
relatively broad: as high as 60 nm for the 15% Si samplégng a more effective energy exchange than in the case of 5%
[inset of Fig. Zb)]. The spectral shape of the*Eremission  or 10%. We postulate that in the samples with 5% and 10%
does not change appreciably for up to 10% excess Si, sugxcess Si the Bf is situated mainly within the silica and
gesting that up to this concentration thé Eions are prima- therefore excitation through direct absorption is significant.
rily situated at the interface between nc-Si and the silicaHowever, in the sample with 15% Si, the proportion of Er
matrix. However, a significant increase of the FWHM is ob-associated with nanocrystals is much higher, indirect excita-
served for the sample with 15% Si. We postulate that this igion predominates, and there is a reduction in PL yield. We
due to an increase in the number of Eions in nanocrys- propose the existence of three classes of Ewithin the
tals. This argument is strengthened by the fact that thé Er films: (i) optically active ions within silica which exhibit
fluorescence lifetime for this sample is 1 ms, compared to 4nly direct excitation,(ii) optically active ions at the Si
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nanocrystal—silica interface which exhibit both direct and in-the Engineering and Physical Sciences Research Council
direct excitation, andiii) nonoptically active ions within Si (EPSRQ.
nanocrystals.

In contrast to other studi€s;’ PL intensities at 1.53 and
0.724 um increased linearly with excitation powgFig. 2;'_ g_' Egrr:;g:,]’PA.F::F.)Lng;é,Lgt.E\Z\'/.lgi‘tf(;r?c?%. Rem. 3. Appl. Pligs
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