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The effects of Si nanocluster (Si-nc) size and of the distance between Si-nc and Er ion on
the photoluminescence of the Er** ions have been investigated by means of appropriate multilayer
configurations fabricated by reactive magnetron sputtering. On the one hand, the effect of Si-nc
size is studied in Er-Si-rich Si0,/SiO, multilayers. The coupling between Si-nc and Er** ions
is found to be less efficient when the Si-nc’s reach a size of 5 nm and attributed to a loss of
the quantum confinement of carriers. On the other hand, the interaction distance between Si-nc
and Er ions is determined through the photoluminescence properties of Si-rich SiO,/Er-SiO,
multilayers. The characteristic interaction distance Si-nc-Er is dependent on the nature of
the sensitizers with 0.4 + 0.1 nm for amorphous Si and 2.6 + 0.4 nm for Si nanocrystals.
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1. Introduction

The development of miniaturized optoelectronic devices or photonic components
during these last years has led the scientific community to study new systems offering
suitable properties or promising potentiality in such field. One of the most promising
systems is the Si-based one due to its compatibility with the Si technology. In this
context, besides the interesting photoluminescence properties of Si nanostructures
[1-6], Er-doped Si-SiO, materials in composite or multilayered structures attract the
huge interest because it gives strong luminescence at 1.54 um which is standard
wavelength used in telecommunication.

In fact, in such a system, the luminescence intensity of Er*" ions is 100 times higher
in comparison to the one obtained from such ion in pure SiO,. This behaviour is linked
to the quantum confinement of the carriers when the Si nanocrystals reach the
nanometer scale. The pumping laser excites the Si nanocrystals which will then transfer
efficiently their energy to the neighbouring Er** ions [7—11]. The consequence of such

physical phenomena is an effective absorption cross section afbfg of Er comparable
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to that of Si-nc, i.e., 107! cm™ whereas o, of Er in pure SiO, matrix is about
1072% ¢cm™ [12—14]. Such properties pave the way to the fabrication of miniaturized
Er-doped Si-SiO, amplifying systems.

However, the optimization of the coupling rate between Si-nanocluster (Si-nc) and
Er’" ion is needed to fabricate the more efficient device. This can be achieved through
the determination of some specific parameters governing the energy transfer between
these two entities. One of them is the critical size of the Si-nc above which the Er
photoluminescence intensity strongly decreases. FRaANZO et al. [15] reported that few
atoms of Si (~50) are sufficient to play their role of sensitizer towards Er ions and
more recently, TIMOSHENKO ef al. [16] have studied, in a much lesser extent, the effect
of Si-nc size on the luminescence emission at 1.54 pm. Anyway, no information is
provided on the size upper limit of these nanoclusters above which no energy
transfer can occur. The critical distance separating Si-nc and Er’" ions is also one of
these main parameters. Recently, Kimura et al.[17] have reported a characteristic
interaction distance of 2-3 nm for Er-doped system containing crystallized Si-nc
while JHE et al. [18] found 0.5 £ 0.1 nm for amorphous Si/Er-SiO, multilayers. In
this paper we propose to develop the studies leading to the determination of these
relevant parameters, i.e., the critical interaction distance between Er ions and Si-nc
and the optimum Si-nc size on the efficiency of the energy transfer to the rare earth
ion. The layers considered hereafter have been deposited by reactive magnetron
sputtering and consist in a stacking of silicon-rich silicon oxide (SRSO)/SiO, doped
with Er in either SRSO or SiO, layers of various thicknesses.

2. Experimental

The process developed to fabricate the multilayer (ML) structure consists in
the alternative magnetron sputtering of a pure SiO, target in the mixture of Ar and H,
or in pure Ar atmosphere to deposit silicon rich silicon oxide (SRSO) or silicon oxide
layers, respectively. The hydrogen ratio ry, i.e., the ratio of hydrogen to the total gas
flow rate ry = PHz/Ptot was kept at 50% and the substrate deposition temperature was
650 °C. As a source of silicon a pure SiO, target was used, hydrogen reduces the
oxygen concentration in plasma what in consequence allows to incorporate a Si excess
in the deposited layer (SRSO). The Er has been incorporated either in SRSO or in Si0,
sublayers according the following procedure:

— Er-SRSO/Si10, multilayers called ML, (see hereafter Fig. 3) were fabricated by
sputtering a silica target topped with Er,0O5 pellets using a mixture of H, and Ar or a
bare SiO, target (free of Er,05 pellets) under pure argon plasma;

— SRSO/Er-Si0, multilayers called ML, (see hereafter Fig. 3) were obtained using
the same procedure but by changing the plasma gas upon the silica target topped with
Er,0; pellets (plasma with Ar) and a bare SiO, target free of Er,0; pellets (plasma
with r; = 50%).

The multilayers were subsequently annealed at 900 °C under a flux of N,
containing 5% of H,. The cross-sectional microstructure of the deposited samples has
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been investigated by using high resolution electron microscope (HREM) type
TOPCON EM 002B operating at 200 keV. The photoluminescence emission spectra
have been recorded at room or liquid He temperatures under resonant (488 nm) and
non resonant (476.5 nm) lines of an Ar' laser. The emitted signal was recorded by
using a 1 m single monochromator equipped with liquid nitrogen cooled Ge detector.
For the photoluminescence lifetime, the laser beam was chopped at a frequency of
15 Hz and its power density was reduced to about 3 mW.cm™2. The overall time
response of the experimental setup is about 0.5 ms.

3. Results and discussion

The HREM micrographs collected in Fig. 1 show the microstructure of the annealed
multilayers for three different SRSO sublayer thickness values (fgggo), i.e., 1.8 nm,
3.8 nm and 5 nm. As one can observe for ftgrgo = 1.8 nm, no Si-nc have been formed
even after an annealing treatment, whereas for higher gz, the Si-nc are clearly visible
and their size corresponds to the sublayer thickness. The absence of any crystallization
for tgrgo = 1.8 nm has been previously noticed for similar multilayered structures [19]
and has been attributed to the high interface/layer ratio that requires higher annealing
temperature than the 900 °C used here for favouring the crystallization of the Si
nanocrystallites [20].

Fig. 1. Typical HREM images of the multilayers for different Si-rich silicon oxide sublayer
thicknesses (fgrgo) sandwiched between two SiO, sublayers : tgrgo = 1.8 nm (a), tgrgo = 3.8 nm (b),
tsrso = 5 nm (¢). Some Sinanocrystals can be seen in (b) and (¢) and their insets show a magnified image
of the nanocrystal.
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Figure 2 displays the comparison between photoluminescence spectra of
Er-doped SiO, layer free from any Si excess and an Er-SRSO/Si0, multilayer with
tsrso = 1.8 nmunder a non resonant excitation line (476.5 nm). Concerning the sample
containing no Si excess, no photoluminescence (PL) signal can be detected whereas
in the case of the ML, film, an intense PL emission at 1.54 pm is observed which
indicates the role of Si-nc acting as sensitizers to transfer efficiently their energy to
the neighbouring Er’" ions. Moreover, the resulting PL emission from these
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Fig. 2. PL spectra of a Er-doped SiO, layer containing no Si excess and a Er-SRSO/SiO, multilayer.
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Fig. 3. Comparison of the PL spectra obtained from a Er-SRSO/SiO, and a SRSO/Er-SiO, multilayers.
The schematic drawing of the two configurations of the multilayers, ML, and ML, is displayed on
the right part of the figure.
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Fig. 4. Evolution of the Er** emission at 1.54 um for the Er-SRSO/SiO, multilayers as a function of
the Er-SRSO sublayer thickness.

multilayers for which all Si nanograins are amorphous as described above,
demonstrates that the presence of Si nanocrystallites is not a prerequisite for an efficient
energy transfer process towards the Er’" ions. This is in agreement with previous
results obtained for Er-doped composite layers obtained by different fabrication
deposition methods [21, 22].

The Figure 3 shows PL spectra excited with the non resonant 476.5 nm line for
the samples having ML, and ML, configuration. The schematic representation of
the multilayers is added on the right of the figure. Both configurations contain the same
Er amount. The emission of the ML, configuration is about ten times higher than that
ofthe ML, one. The above results show that the location of the Er ions plays an essential
role in excitation and energy transfer process between Er and sensitizers.

The effect of the sensitizer size on the efficiency of the Si-nc-Er coupling rate is
now studied through the PL emission from the ML, type structure with different
SRSO sublayer thicknesses varied from 1 to 7.5 nm, i.e., the size of the Si-nc
nanograins between then same values (Fig. 4). It appears that, under the non resonant
Ar" line excitation, the PL emission first increases with tqrgo increase and then
abruptly decreases when this thickness reaches the value of 5 nm. Such behaviour can
attributed to:

— either to the formation of larger Si nanoclusters which are less efficient in energy
transfer towards the Er'* ions due to the loss of the quantum confinement of
carriers when the size becomes comparable to the Bohr radius of the generated exciton
(5 nm);

— or to an energy back transfer process which appears when the erbium level is
resonant with that of Si [23-25]. Such process can occur for large Si grains (= 5 nm)
due to the shrinkage of the nanograin bandgap towards that of bulk Si.
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Table. Ratio of the PL intensity and emission lifetime at 1.54 pm measured at 10 and 300 K,
Tioky/I300k) @nd 7(10k)/ 7300k), Tespectively, for different thicknesses of the Er-doped SRSO sublayer
in the ML, configuration. For comparison, the corresponding values obtained on bulk Si crystal (see
[16, 17]) are reported.

Sample Toky/ 1 300k Z(10k) 7(300K)
Bulk Si (monocrystalline) 1000 (refs. [16, 17]) 140 (ref. [16])
tsrso = 1.8 nm 2.5 1.1

fsrso = 3.8 nm 2.3 1.3

tsrso = 5.0 nm 1.0 1.2

To settle between these two probable origins, the influence of the temperature on
the PL intensity and Er PL lifetime has been studied. The PL measurements have been
done between 10 K and 300 K for the ML, structures having different values of
tsrso- The results for the two extreme temperatures (10 and 300 K) are summarized
in the Table and compared with values reported in the literature for bulk Si implanted
by Er [24, 25]. The ratio of /;ok)//300k) 1s considerably different than that found for
Er-bulk Si and indicate on the absence of PL temperature quenching. This is supported
by the ratio of 7,0k /7(300x) Which is also considerably different than that obtained for
Er-bulk Si. The dependence of /) at 1.54 pm on Si-nc size indicate on the loss of
quantum confinement of carriers leading to a loss of the efficiency in the energy
transfer to the Er’™ ions when Si-nc reaches the size of 5 nm . The fact that the PL
has not totally vanished is an indication of the presence of Si nanograins smaller than
5 nm, probably amorphous as they have not been seen by HREM, but which ensure
the Er excitation.
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Fig. 5. Evolution of the Er*" emission at 1.54 pm with the thickness of the Er-doped SiO, sublayer
thickness for two #gpgo, 1.8 nm and 3.8 nm. The lines are the results of the simulation based on
the exchange interaction mechanism decreasing as an exponential law (exp(x/x)).
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Fig. 6. Er’** photoluminescence lifetime for different SiO,-Er sublayer thicknesses and two fgpgq in
the case of the ML, configuration.

Let us examine now the evolution of the PL intensity at 1.54 pum when the thickness
of the Er-doped SiO, sublayer increases in the ML, configuration. One can expect first
a raise of the PL intensity with increase of the number of Er*" excited through the Si
nanograins present on both sides of the SiO,-Er sublayer. The increase of the SiO,-Er
sublayer thickness leads to the saturation of the recorded PL signal because the Er’*
ions located far from Si-nc will not be excited.

Figure 5 reports the Ip; data at 1.54 pm as a function of SiO,-Er sublayer
thickness for two values of tgrgq providing either amorphous (fgrgo = 1.8 nm) or
crystallized (tgrgo = 3.8 nm) Si nanograins. Both dependences show similar behaviour
with the expected evolution of the Er** PL emission. One can note that the saturation
regime is reached earlier for the thinnest tgz g value. Figure 6 shows the dependence
of the Er*" photoluminescence lifetimes on the SiO,-Er sublayer thickness for
both values of fqrgo. The absence of any dependence on the SiO,-Er sublayer
thickness attests of the equal quality of the materials and confirms that the evolution
of Ip; described above is only dependent on the number of the excited Er** ions. In
such experiments, i.e., steady state and weak pumping regime, one can consider that
the number of excited Er’" ions, NEr at a distance x from the sensitizer (Si-nc) can be
approximated to:

Ni =F(x)rN). if Frr<1
where Ngr is the number of total excitable Er**, 7 — the PL lifetime and F(x) — the

distance dependent excitation rate [18]. The function F(x) is a decreasing function
which describes the interaction between Si-nc and Er’*. Two functions are usually
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used for describing such a mechanism: a resonant dipole—dipole interaction decreasing
as x ® and an exchange interaction following an exponential law exp(x/xy) [26, 27].
The data of the Fig. 5 have been fitted with the both laws (power and exponential)
and the best results have been obtained considering an exchange interaction process
(i.e., exp(x/x;)). The deduced interaction distances are x, = 0.8 nm for tgrgo = 1.8 nm
and x, = 5.2 nm for fgrgo = 3.8 nm with an uncertainty of 20%. However, in such
configuration, the recorded /p; results from the excitation of Er** from two adjacent
SRSO sublayers. Consequently, the determined x, value is the double of the
characteristic interaction distance. We found thus x, = 0.4 = 0.1 nm for fgrgo = 1.8 nm
andxy = 2.6 £ 0.4 nm for tgpgo = 3.8 nm. If we compare these values with that recently
provided by the literature, one can notice that:

— the lowest x, value is close to the 0.5+ 0.1 nm reported by JHE ef al. [18] in
the case of amorphous Si/SiO, multilayers;

— the highest x, value is in the 2—3 nm range proposed by KiMURA ef al. [17] in
the case of crystalline porous Si doped with Er.

Thus our results obtained on the same materials fabricated using the same
process have confirmed and demonstrated that x, can reach two values depending on
the structure of the sensitizers (amorphous or crystalline). JHE ef al. [ 18] have proposed
a possible influence of the Si phase on the carrier-Er interaction. Thus, one possible
explanation of the existence of two x, values can be linked to the carrier wavefunction
localization. In this connection, the carrier wavefunctions for tgrgo = 1.8 nm would
be localized at the interface and the interaction distance between Si nanograins and
Er is defined by the distance from the interface Si/SiO, to the Er’** ion. The larger
xy value obtained for fqpgo = 3.8 nm can be explained by carrier wavefunctions
extended within the nanocrystals which require to take into account the nanocrystal
radius dependence of x,.

4. Conclusions

This work provides more insight of the Si-nc coupling rate by determining two relevant
spectroscopic parameters: the optimum value of Si-nc size and the characteristic
interaction distance between Si nanograin and Er** ions. The effect of Si-nc size on
the Er’" emission is examined in Er-doped SRSO/Si0O, multilayers. It appeared that
the Si nanograins play their role of efficient sensitizers towards Er’* ions since its size
is lower than 5 nm. For higher size, the decrease of the Er** PL emission is attributed
to the loss of the quantum confinement of carriers. The evolution of the PL intensity
at 1.54 um as a function of the distance Si-Er (x) for the SRSO/SiO,-Er multilayers,
follows an exponential decrease, exp(x/x;), which corresponds to an exchange
Er-carrier interaction. The characteristic interaction distance is found to be dependent
on the nature of the Si phase. In presence of amorphous SRSO sublayer, x,, is equal to
0.4 £ 0.1 nm whereas for Si nanocrystals, this distance is about 2.6 £ 0.4 nm. These
results seem to evidence the necessity to account for the nanocrystal radius dependence
of x,. Further investigations are in progress to confirm this tendency.
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