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Abstract. The effects of Si nanocluster (Si-nc) size on the energy transfer rate to Er ions were investigated
through studies made on appropriate configurations of mutilayers (MLs) consisting in about 20 periods of
Er-doped Si-rich SiO2/SiO2. These MLs were deposited by reactive magnetron sputtering at 650 °C and
subsequently annealed at 900 °C. For Si-rich layer thickness or Si-nc larger than about 4 nm, the sensitizing
effect of Si-nc towards rare earth ions is highly lowered because of the weak confinement of carriers and
the loss of resonant excitation of Er through the upper levels (second, third, ...). The latter is liable to
prevent the energy back transfer process, while the weak confinement reduces strongly the probability of
no phonon radiative recombination necessary for the energy transfer from Si-nc to Er ions.

PACS. 78.55.-m Photoluminescence, properties and materials — 78.67.Pt Multilayers; superlattices —

81.15.Cd Deposition by sputtering

The increasing need for combining both optical and elec-
tronic functionalities on the same Si-based chip, aims
at reaching a true monolithic integration that allows,
in turn, to solve several current issues relating to inter-
connect bottleneck, power dissipation, etc. [1]. One of
the research directions explored during many years was
the doping of silicon with Er, which is an interesting
optical dopant emitting at the standard wavelength of
1.54 pm [2—4]. Such systems suffer, however, from two ma-
jor deexcitation processes: (i) the phonon-assisted energy
back-transfer originating from the near resonance between
the Er-induced level in the band gap and the internal Er
levels [3-5]; and (ii) the Auger-type interaction involving
free carriers and excited Er ions [2]. The former induces
a large temperature quenching in the photoluminescence
(PL) intensity, while the latter increases with the density
of excited carriers and gives rise also to energy backflow
mechanism. To remove or reduce these detrimental effects,
a promising approach is currently explored through the
widening of the band gap by using silica as a host material
co-doped with Er ions and Si nanoclusters (Si-nc) which
turn out to be very efficient sensitizers of Er ions located
within the most favourable chemical environment [6-8].
Among the various parameters governing the coupling be-
tween Si-nc and Er ion, such as the dynamics of the en-
ergy transfer (ET) from Si-nc to Er [9] and the charac-
teristic interaction distance [10], the effects of Si-nc size,
closely controlled by an appropriate approach, on the effi-
ciency of the ET to Er ions deserve to be addressed. In this
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respect, some studies [11-13] reported an increasing emis-
sion of Er when the Si-nc size is decreased (mostly below
5 nm), down to a value corresponding to tiny agglomerates
of less than 50 Si atoms which are still efficient sensitiz-
ers [14]. However, a systematic and careful analysis is still
lacking, especially the determination of the maximum size
enabling the indirect excitation of Er, to optimize the ma-
terial for high performance devices and to shed more lights
on the physical mechanisms governing the ET rate. In this
letter, we report on the PL properties of Er-doped multi-
layers (MLs) obtained by alternative deposition of Si-rich
silicon oxide (SRSO) and silicon oxide (SO), typically of
20 periods. For the Er-doped SRSO/SO configuration, the
variation of the SRSO thickness (tsr) allows the control
the Si-nc size, ds;, growing within this sublayer and, there-
fore, enables a detailed investigation of dg; effects on the
ET efficiency.

The Er-doped MLs were deposited on Si substrates by
sputtering the silica target alternatively under a plasma of
50% Hs + 50% Ar to obtain the SRSO layer, owing to the
ability of hydrogen to reduce oxygen, and under a plasma
of pure Ar to obtain the SO layer. To incorporate the Er
ions in SRSO (resp. SO) layers, the silica target sputtered
with Hy +Ar plasma (resp. Ar plasma) is topped by a spe-
cific number of ErsOg chips. The MLs grown at 650 °C
with a power density of 0.75 Wem ™2 were subsequently
annealed at 900 °C for 1 h under a flux of Ny mixed to 5%
of Hs. According to secondary ion mass spectroscopy and
Rutherford backscattering measurements, the Er concen-
tration was around 4-6 x10'? cm ™2 and the Si excess close
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Fig. 1. Typical HRTEM image of the multilayers (MLs) for a
5-nm-thick Si-rich silicon oxide (SRSO) layer sandwiched be-
tween two silicon oxide (SO) layers and containing an array of
Si nanocrystals. A magnified image of a nanocrystal is shown

in the inset. Schematic drawings of the MLs showing Er in
SRSO (a) and Er in SO (b).

to 11 at.%. The high resolution transmission electron mi-
croscopy (HRTEM) observations were made in a Topcon
002B on samples prepared in the cross-section configura-
tion. The Er PL spectra were recorded at room temper-
ature using a Ge detector cooled with liquid nitrogen, a
grating monochromator and the usual lock-in technique.
The out of resonance 476.5 nm line of an Ar laser, chopped
at a frequency of 15 Hz was used to ensure only an indirect
excitation of Er through the Si-nc. The excitation power
was kept low (3 mW ecm™?) to remain in the linear regime
of PL intensity vs power. Time-resolved Er PL was mea-
sured using a digitizing oscilloscope with an overall time
response of about 0.5 ms.

Figure 1 reports a typical HRTEM image of a ML with
tsg = 5.0 nm showing evidence of Si nanocrystals formed
within the SRSO layers and the schematic drawings of the
structure with the two possible locations of Er ions. Al-
though the crystallization of Si-nc is unnecessary for the
sensitizing action [14,15], crystallized Si-nc are however
observed for MLs with tsg > 3 nm. For thinner SRSO
layers (tsg < 2 nm) no crystallization of Si-nc is observed
(not shown), because it requires an annealing temperature
much higher than 900 °C [16]. Anyway, all Si-nc, amor-
phous or crystallized formed within the SRSO layers of
various tggr values, are efficient sensitizers of Er ions lo-
cated either in SRSO or SO layers. One expects, however,
that Er ions are much closer to Si-nc in the former case
and then benefit from a much more efficient sensitizing ef-
fect. To check this matter, we have recorded the PL spec-
tra on both configurations, Er-doped SRSO/SO ML and
SRSO/Er-doped SO ML, for the same thickness (3.8 nm)
of SRSO and SO layers. The comparison of the PL spec-
tra in the inset of Figure 2 shows ~40 times increase of
the PL for Er located in SRSO layers instead of SO lay-
ers, hence confirming the closeness of Si-nc and Er in the
former configuration. Consequently, the dg; effects will be
examined hereafter on Er-doped SRSO/SO superlattices
through the variation of tgg.
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Fig. 2. Variation of the 1.54-pm PL intensity of the Er-doped
SRSO/SO multilayers (MLs) in function of the SRSO layer
thickness, tsr. The lines have been added as guide to the
eye. The inset compares the PL spectra recorded on Er-doped

SRSO/SO and SRSO/Er-doped SO MLs with the indicated
values of the various thicknesses.

Figure 2 shows the evolution of the PL intensity at
1.54 pm in function of tsg. After an increase of about 20%
for tgg increasing from 1.2 to 3.8 nm, the emission reduces
abruptly by half when tsg exceeds 4 nm, before decreasing
smoothly for tgg > 5 nm. The first moderate increase with
tsg or dgi (<4 nm) can originate from the concomitant
increase of the absorption cross section of Si-nc sensitiz-
ers [17], and is also compatible with the maximum quan-
tum yield observed in similar MLs for dg; = 3 —4 nm [13].
However, the strong decrease occurring for tsg > 4 nm
is a clear indication of a size effect which can be due to
either or both reasons:

— (i) the growth of some Si-nc as large as tgg > 4 nm, as
expected, gives rise to dg; comparable or larger than
the exciton ‘Bohr radius’ estimated to 5 nm for silicon.
This leads to a weak carrier confinement that lowers
the excited level of Si-nc which becomes no more res-
onant with the upper excited levels of Er. Note that
there are still numerous Si-nc with a size smaller than
tsr, since the PL decreases to the third without van-
ishing when tgRr increases from 3.8 to 7.5 nm;

— (ii) the second origin lies in the possible presence of Er
within the large Si-nc, which might lead to the already
mentioned deexcitation processes encountered in bulk
c-Si. These detrimental processes are, in fact, favoured
by the increase of dg;, the subsequent shrinkage of the
bandgap and the higher content of carriers density.

To elucidate these aspects and give further insights
concerning the origin of the observed PL decrease for
tsg > 4 nm (Fig. 2), the temperature dependences of PL
intensity Ip;, and lifetime 7 at 1.54 pm were measured
from 10 K to 300 K for different tgg values. The evolu-
tions of both Ipr, and 7 in function of the temperature are
displayed in Figures 3a and 3b, respectively. They are also
compared to their counterparts from a single Er-doped



F. Gourbilleau et al.: Effects of the Si-nanocluster size on the sensitizing role towards Er ions

Table 1. Ratios of the 1.54-ym PL intensity and emis-
sion lifetime at 10 K and 300 K, I(10 K)/I (300 K) and
7(10 K)/7(100 K), respectively, for different thicknesses of the
Er-doped SRSO layer of the multilayers. The corresponding ra-
tios obtained on Er-doped bulk Si crystal are also reported for
comparison, according to references [3] and [4], together with
those measured on 530-nm-thick single SRSO layer grown sim-
ilarly by reactive magnetron sputtering.

Sample I(10 K)/1(300 K)|7(10 K)/7(300 K)
Er-doped Bulk 1000 (Refs. [3,4])| 140 (Ref. [3])
(monocrystalline Si)

tsr = 2.5 nm 3.3 1.1

tsr = 3.8 nm 2.5 1.3

tsr = 5 nm 3.7 1.2
530-nm-thick single Er3* 3 1.1

doped SRSO layer

SRSO layer as thick as 530 nm, considered as a reference.
It can be noticed that the thermal quenching, if any, is
far from being comparable to that reported for Er-doped
bulk-Si crystal, for both Ipy, [3,4] and 7 [3], according to
the ratios Ipr,(10 K)/Ip1 (300 K) and 7(10 K)/7(300 K)
reported in Table 1. The intensity ratios (around 2-4) are
equivalent to that reported for similar MLs [13] and are
also comparable to that of the reference thick single layer.
For all our MLs and also for the reference sample, we
deal, therefore, with a Si-nc-mediated excitation of Er,
since the intensity ratios are all much smaller than that
(10%) reported for the Er-doped bulk c¢-Si [4], indicating
the absence of significant deexcitation processes such those
observed for bulk c-Si and which would be induced by an
eventual presence of Er within large Si-nc. Anyway, such
a presence would imply an Er concentration close to the
solubility limit of Er in Si (210'? cm™3). The strong sensi-
tizing action of Si-nc seems also to reduce the nonradiative
decay channels for all MLs and reference film, because the
relating lifetimes do not significantly change between 10
and 300 K, as observed earlier for similar Er coupled Si-nc
systems [8].

The PL decrease for tsg > 4 nm (Fig. 2) reflecting
some lowering of ET rate would be due to the shrink-
age of the bandgap and the subsequent mismatch between
the exciton PL band and the upper excited levels of Er.
This shrinkage is also accompanied by some release of
the carriers quantum confinement which has been closely
correlated to the probability of no phonon radiative re-
combination Pyp [18]. For low dg; (or tsr), Pnp is ex-
pected to dominate at the expense of the phonon-assisted
counterpart Ppa, particularly the TO one [12,19]. A high
Pxp/Ppa ratio reflects, therefore, a strong localization
of carriers and a partial breaking of the k-conservation,
which are further strengthened for Si-nc having an abrupt
Si/SiO4 interface [20]. This implies that amorphous Si-
nc formed for tsg < 2.0 nm and crystalline Si-nc grown
for 2 nm < tgg < 3.8 nm have comparable Pxp/Ppa ra-
tios [18], hence supporting the earlier suggestion of ascrib-
ing the improvement of Ipy, in this range to the increase
of the absorption cross section of Si-nc [17]. Since Pyp
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Fig. 3. The intensity of the 1.54-um peak (a) and the emis-
sion lifetime (b) as a function of temperature, for some typical
thicknesses of the Er-doped SRSO layer of the multilayers. The
corresponding plots for the 530-nm-thick single SRSO layer are
also reported.

is assumed as governing the ET rate [12], the number of
excited Er ions, N,., or correspondingly Ipy,, can be con-
sidered as o« to Pyp and, therefore, as dgia (a > 1 de-
serving determination), as attested by the ranking of Ipy,
for the different tggr values in Figure 3a. The abrupt drop
observed for tsg > 4 nm is quite coherent with the low
value of Pxp/Ppa ratio, ~0.02, reported for Si-nc size ex-
ceeding 5 nm for which a weak confinement prevails [18].
In this case, the widening of the bandgap leads to a mis-
match between the excited level of nc-Si and the upper
excited levels of Er (112, Iy/2), resulting in a substantial
weakness of the exchange interaction suspected to gov-
ern the ET process from nc-Si to Er [10]. The PL in-
tensity remains, however, significantly higher than that
of the reference thick single SRSO layer containing much
larger size distribution. The emission lifetime 7 appears
almost unaffected by the temperature change with a ratio
7(10 K)/7(300 K) ~1.1-1.3. This contrasts strongly with
the large variation (more than two orders of magnitude)
observed for Er-doped bulk ¢-Si [3]. Contrary to the case
of Ipr,, the reference single layer presents high values of 7,
between 5.7 and 6.5 ms, away from the lower values of T,
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for the MLs. The origin of this behaviour is lying, most
likely, in the density of nonradiative defects located at in-
terfaces such as those between Si-nc and the surrounding
silica within the SRSO layers and those prevailing between
successive SRSO/SO layers. These latter seems to play a
key role in the reduction of the lifetime, since their absence
in the reference single layer can explain the corresponding
highest value of the lifetime. The slight trend of 7, lower-
ing for decreasing values of tgg might originate from the
concomitant enhancement of the surface/volume ratio for
Si-nc.

The two parameters Ipy, and 7 are highly important
for device performance. Indeed, the optical gain g is « to
the product oem x Ni. with Nf;. o (Ipr, X Tyad) /T (Trad: ra-
diative lifetime) and oy, the emission cross section being
x1/Tya, resulting in g  Ipy, /7. By comparing the g value
for the ML with tgg = 2.5 nm to the corresponding one for
the reference single layer, we notice a potential improve-
ment of the optical gain of nearly an order of magnitude
for the ML. Such a benefit is clearly due to the enhanced
intensity for the MLs which control somehow the size of
the growing Si-nc and then optimize their coupling with
Er, hence underlying the relevance of using ML structure
for the fabrication of active devices.

In summary, this work reports a study aiming at ex-
amining the impact of Si-nc size on the efficiency of their
coupling with Er ions. We found that for a size exceed-
ing 4 nm, the combined and interrelated effects of both
bandgap widening and lowering of the quasi direct ra-
diative recombination of excitons are responsible of the
abrupt drop in the emission intensity of Er ions. For
tsr > 4 nm, the excited level of nc-Si is, indeed, no more
matching with any of the upper excited level of Er (I 2,
Iy/2), leading to some inefficiency of the exchange interac-
tion. The small PL temperature quenching indicates, on
the one hand, the presence of Er outside Si-nc and, on
the other hand, the excitation (if any) of the upper levels
of Er. This latter becomes naturally possible for a Si-nc
band gap larger than a threshold value, implying a small
energy back transfer process. These results allow the op-
timization of the concentrations of both emitting centers
(Er ions) and sensitizers (Si-nc) for efficient emission and
possible realization of active device.
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