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ENSICAEN, CNRS, CEA/IRAMIS, UCBN, 14050 CAEN cedex, FRANCE
E-mail: christophe.labbe@ensicaen.fr

Abstract. Series of Er-doped Si-rich silicon oxide (SRSO:Er) layers were grown by magnetron
sputtering at different temperatures from ambient to 500°C and then annealed between 600°C
and 1100°C. They were characterized by spectroscopic and time-resolved photoluminescence
(PL) measurements. Significant PL was detected at 1533 nm from the as-grown samples at
T=300°C excited by a non-resonant wavelength (476 nm), hence indicating the formation of
Si-based sensitizers during the growth process. The PL intensity and the decay lifetifiie of Er
ions were both greatly increased with the annealing temperature. An optimum temperature of
annealing is obtained at 800°C, which is expected to favor the formation of very dense and
small sensitizers. The fraction of Er coupled to sensitizers was found nearly 6-7 times higher
than that reported so far in the literature.

1. Introduction

The effective excitation cross section of‘Hons in SiQ is increased by £aL0* with the insertion of
Si-based sensitizers in the matrix. It was shown that an indirect excitatiofi @& occurs through

Si nanoclusters (Si-nc) [1,2]. Such an energy transfer allows one to benefit from the broadband high
absorbance of Si-nc for optical excitation and from the improved transport of carriers injected by
electrical excitation. This paves the way to the achievement 6fpBpulation inversion by either
optical or electrical pumping for integrated photonics, such as planar amplifier, laser, etc. Recent
studies reported that, in conventional SRSO:Er materials, only a small fraction (<2%)ioh&are
effectively benefiting from the Si-nc-mediated excitation [3]. Such a low value is far from ensuring an
inversion population of Bf, but requires, on the contrary, more efforts and studies to enhance
significantly the proportion of coupled Er in SRSO:Er samples. These latter are usually submitted to
annealing processes to form Si nanoclusters (Si-nc) as sensitizers, to remove non-radiative defects and
to activate (optically) the Erions. Such a treatment may change, however, the structure of either the
Si-based sensitizers or the*Efons. This work aims at investigating the influence of growth and
annealing temperature on the optical properties of the SRSO:Er layers and to correlate it to the
proportion of Er coupled to sensitizers.

2. Experimental techniques

The samples were grown onto a p type 250 um-thick silicon wafer with a 5 pm-thiglh@itér

layer. The deposition was made by the magnetron co-sputtering of three confocal cathggdés: SiO
and EpOs;, under plasma of pure Argon at a pressure of 2 mTorr. The substrate tempéaighbonees (
varied from room temperature (RT) to 600°C. The annealing was achieved under a nitrogen flow, for
temperaturesTt) varying from 600°C to 1100°C during 1 hour. The Si excess was estimated at about

(© 2009 IOP Publishing Ltd 1
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7.5 at% from the analyses of Fourier Transform InfraRed (FTIR) spectfacdrcentration was
measured by Secondary lons Mass Spectroscopy (SIMS) and was found to b& 2raX1¥isible

and Infrared (IR) photoluminescence were obtained using the non-resonant 476 nm excitation
wavelength from an Arlaser. Time-resolved measurements were measured thanks to an oscilloscope.

3. Results and discussion

3.1. As-deposited optical properties
Significant Er emission was observed from the as-grown samplesTit800°C, as illustrated by
the typical spectrum displayed in Fig. 1 and recorded with non-resonant excitation wavelength (476
nm). The detection of Er PL at both 1533 nm and 980 nm is indicative of the formation of Si-ncs
acting as sensitizers during the grown process when performed@4a&tB00°C. This is supported by
the visible PL band centered at ~750 nm which can be attributed to Si-ncs. Similar Er PL features have
been obtained earlier by our group on Er-doped SRSO samples growry w800FC [4].

3.0 Figure 1.
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These observations reveal that the Si-based sensitizers are formed during the deposition process.
ChosenTs are high enough to ensure the surface mobility of the adatoms and then the growth of
sensitizers on the seeds available at the surface or near-surface region of the growing layer. These Si-
based entities play the role of efficient sensitizmfere any annealing treatment, hence reflecting a
favorable environment and good quality matrix. Indeed, tHé IEetime was found to be ~4 ms at

1533 nm which is a notably high value for a non-annealed sample, compared to that reported by other
groups for annealed samples [5,6]. The lifetime is well fitted by a single exponential decay, suggesting
a single kind of site for emitting erbium ions.

3.2. Enhancement of the optical properties by annealing treatment
Figure 2 describes the evolution of the integrated intensity in functidn @r the two main PL
features: the Bf-PL around 1533 nm and the Si-nc-PL around 700 nm. The annealing treatment
improves gradually the Eremission until 3 times that recorded from the as-deposited sample when T
reaches 800-900°C. At highex alues, the Ef emission shows a sharp decrease down to the tenth of
the maximum. For the other feature, the Si-related emission appears almost con3tantlfe®0°C,
before increasing drastically whel is further increased to 1100°C. Such an increase,dfas
apparently some counterbalancing effects on the PL of Si-ncs &ridris; suggesting some changes
in the transfer mechanism and material structure in this range of annealing. The behavior 3f the Er
emission lifetime upon annealing temperature is shown in figure 3. The lifetime is increasdd with
from about 4 ms to a plateau at ~6 ms for annealing between 700 and 900°C.
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Figure 2. Integrated PL intensity versus Figure 3. Evolution of the Ef emission lifetime as a
annealing temperatures function of the annealing temperatures. The inset

shows the characteristic single-exponential behaviour
of time-resolved PL spectroscopy.

It shows an additional increase to ~7 ms wheiis further raised to 1100°C. The behaviour of the
lifetime is consistent with the evolutions of the two emissions shown in Fig. 2. The annealing from
600 to 900°C is expected to lead to the following: (i) the growth of additional sensitizers for more
coupling with Er ions, especially as the separating distance should be as low as ~0.5 nm for an
optimum energy transfer [7,3], (i) the reduction of the non-radiative channels and then the increase of
the lifetime, as observed. On the other hand, the annealihgh&gher than 900°C may induce some
structural changes such as: (i) the coalescence phenomenon that takes place in this range of
temperature [8] and which results in larger Si-nc at the expense of their density and then of their
coupling with the Er ions, (ii) the diffusion and segregation of Er which might occur in this range of T

for our Er content, as demonstrated elsewhere [6], (iii) the enhanced diffusion mechanism of other
elements such as oxygen could contribute to feed the Er surrounding with more oxygen [9] for further
raise of the lifetime. These two suggestions of nanoclusters coalescence and Er segregation can
consistently explain the drastic decrease of the Er PL and the counterpart sharp increase of Si-nc PL.
The segregation of Er at high values gislsupported by the comparison of the evolution of Er PL for

T, =1100°C to that of the as-deposited sample according to the excitation photgndigk 4).
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Figure 4. PL intensity of E¥ emission (at 1.53 um)  Figure 5. Comparison of the PL Intensity from a

as a function of the photon flux for as-deposited reference sample and from our best sample. The

sample and 1100°C annealing sample. reference sample as a known coupling fraction
(1.76%)

Indeed, the rapid saturation of the former wheis increased is indicative of an agglomeration of
Erbium, as already observed for Er-doped .Ji®] and Er-doped SRSO [11], whereas the latter
evolves almost linearly witip The other impact of, = 1100°C lies in the formation of large Si-ncs
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that can more easily crystallize and would be limited by a sharp Sit8&dface containing relatively

small amount of defects. They are, therefore, emitting more efficiently in the visible range with a peak
shifting towards lower energy (750 nm vs 700 nm for as-deposited, not shown). This explain the
abrupt increase of its emission foy =1100°C. These structural changes have also an impact on the
evolution of the lifetime. It was reported recently that the Er radiative lifetime is affected by the
proximity and the size of Si-nc [12]. Ref 12 demonstrates that the shortening of the Er-nanocluster
spacing and the size increase of the nanocluster, lead to the lowering of the radiative decay time. In
this connection, one can, therefore, consider that the increase of the Er lifetime, particulbsly for
900°C (Fig. 3) can also be due to the increasingly reduced impact of Si-nc which grows further away
from Er ions.

Finally, to estimate roughly the fraction of coupled Er in our best samgis00°C, T, =900°C), we

have compared its Er PL to that of a reference sample described in Ref.3 (figure 5) and whose fraction
of coupled Er is only 1.7%. This latter contains 4 £ H/cn?, the same amount of Si excess (7.5 at.

%) and was annealed at the safpeAt a same excitation fluxg~10"® ph/cm2.s), their PL intensity

can be compared following, O oet. @Ng ¢ Tuedd Traga Whereog; is the effective excitation cross section,

T4 IS the time decay andy is the radiative lifetimelNg, ¢ is the concentration of Erions coupled to
Si-nc, which is equal to about 6.8%1@m?* for the reference sample. By comparing the ratio of their

intensities (~3.6), theife (3.1x10" cm® vs ~ 2.3x187 cn?), their Ty (6 Ms vs 3.6 ms) and theiyg

(12 ms vs 9 ms) as can be deduced from [13] on the basis of their refractive index (1.56 vs 1.52), one
could estimateNg; . for our best sample to about 2.6X16m°. This value represents nearly 12% of

the total Er content (2.2x1cm?®), i.e. 6-7 higher than that of the reference sample at this photon flux.

4. Conclusions

An efficient indirect excitation of Erbium ions via Si sensitizers was obtained before any annealing
treatment, while the optimum Er emission is obtained after annealing in the 700-900°C range. The
corresponding lifetime is found as high as 4 ms for the as-grown, and increases significantly with
annealing. Structural changes are noticed after annealing at more 1000°C. A rough estimate of the
fraction of coupled Er has allowed to notice that their proportion was improved from about 1.7% for
earlier samples to nearly 12%.
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