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Distance dependent interaction as the limiting factor for Si nanocluster

to Er energy transfer in silica
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Si excess, Er content, and processing parameters have been optimized in a series of cosputtered
oxide layers for maximizing Er emission and lifetime. The amount of excited Er as a function of the
incident photon flux has been quantified for resonant (488 nm) and nonresonant (476 nm)
excitations. Results show that a maximum of 3.5% of Er ions is excitable through the Si
nanoclusters (Si-nc). This low value cannot be explained only by cooperative upconversion and/or
excited state absorption. A short range (0.5 nm) distance dependent interaction model is developed
that accounts for this low Er population inversion. The model points to the low density of Si-nc
[(3-5) % 10'7 cm™] as the ultimate limiting step for indirect Er excitation in this system. © 2006
American Institute of Physics. [DOI: 10.1063/1.2362600]

Er-doped fiber amplifiers have set the standard for long-
haul optical communications. Reducing their size and cost
for an integration in local area networks presents consider-
able advantages which require overcoming serious difficul-
ties. Thus, the production of Er-doped planar waveguide am-
plifiers (EDWAs) would allow their on-chip integration in
complex photonic circuits. In 1994, it was discovered that
the Er emission in silica is strongly enhanced by using Si
nanocrystals (Si-nc) as sensitizers.' In pure silica, a tuned
laser is needed for pumping the Er, and its small absorption
cross section (o~ 1072 cm?) and lifetime (7g, approxi-
mately in milliseconds) stand for high fluxes of about
&15=1/0,Te,=10? photons/cm? s to reach optical trans-
parency (inversion of 50% of Er ions within a quasi-two-
level system). For an Er concentration Ng,=1X 10! cm™,
the maximum gain G expected in silica is thus
G=0,,NE,=0.17 dB/cm, when we assume that the emission
Cross section o, =0,,.. On the contrary, a broadband source
can pump the Si-nc  sensitizers; their  high
s~ 107110717 cm? in the UV-vis range implies lower
&1~ 108 photons/cm?s. In the past a debate about the
value of the emission cross section of Er coupled to Si-nc
raised: a first report gave o, =8 X 1072 cm?, which would
allow to get up to 7 dB/cm with Ng=1X10" cm™?
then another paper seemed to confirm these ﬁgures,3
announcing 4 dB/cm for Ng,~ 10" cm™ and a flux of
3.6 X 10'® photons/cm? s. Finally, we determined by inser-
tion loss measurements that o,,=~5X107' cm? at
1.54 ,um.4’5 These cross-section data indicate that
Ng,~3X10%° cm™ is needed to reach G=7 dB/cm. Such
high doping could be problematic, since for
Ng,~6X 10 cm™ a significant part of the Er can be
clustered.® By this discussion it emerges that
Ng,=(2-5) X 10*° cm™ to avoid clustering and to have large
gain. However, pump and probe measurements® on a Si-nc
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EDWA with N, ~4 X 10%° cm™ showed signal enhancement
of 1.06 dB/cm in strong resonant pumping conditions
(p~6x10*>" ecm2s~! at 488 nm) that translated into an in-
version factor of only 10% of the total Er population. This
letter aims at addressing the reason for this small figure try-
ing to answer the question of how much Er is coupled to
Si-nc and, thus, whether the Si-nc are really efficient
sensitizers.

A set of Er-doped Si-rich silica layers with 7% of Si
excess and Ng,=4X10%° cm™ (measured by Rutherford
backscattering) was deposited by reactive magnetron sputter-
ing on thermal oxide grown on Si substrates. A careful tuning
was made of the processing conditions for maximizing Er
emission intensity and lifetime by annealing at 900 °C in N,
for times between 1 and 60 min. Increasing the annealing
time results in a densification of the Si rich silica film. This
leads to large refractive index because of Si clustering and to
higher Er emission intensity and longer lifetime. Details of
the processing and structural and waveguide characteriza-
tions are provided elsewhere.” Photoluminescence (PL) char-
acterization was performed by exciting the samples with the
488 nm (resonant) and 476 nm (nonresonant) lines of an ar-
gon laser. The PL setup was calibrated using reference wa-
fers provided by Corning with known Er concentration and
the use of an integrating sphere and an optical spectrum ana-
lyzer. This allowed quantifying the absolute amount of emit-
ting Er, i.e., N, that is the Er density in the metastable state.

Figure 1 reports the fraction of excited Er as a function
of pumping flux (¢) in nonresonant excitation conditions for
the various samples. We find a maximum value of
N,/Ng,=3.5% for the 60 min annealed sample at
¢=5 % 10% photons/cm? s. Consequently, there is a strong
limiting phenomenon taking place since we expect a trans-
parency flux as two orders of magnitude lower. It is worth to
mention here that for resonant pumping we got a linear de-
pendence of N, on ¢ (at high pumping fluxes), and from its
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FIG. 1. Fraction of Er in the excited state as a function of incident flux at
nonresonant excitation (476 nm) for the samples studied in this work.

slope we deduced that all the Er introduced in the sample is
optically active (N, ~ NgO s Ter D).

A model using rate equations and a quasi-two-level sys-
tem for both Si-nc and Er provide a useful insight on the
limiting phenomenon affecting the low number of excited Er.
In the indirect excitation regime (low fluxes), the Si-nc
pumps the Er proportionally to the number of excited Si-nc
(N;) and to the number of Er ions in the fundamental state
(N;=Ng,—N,). Population depletion of the first excited state,
N,, is accounted for by transition to the fundamental state
(with rate T;) and cooperative upconversion (with rate
CupNz), a nonradiative recombination in which the excited Er
transfers the energy to another excited Er. We also include in
the model the excited-state absorption (ESA), by which the
Si-nc transfer the energy to Er ions already in the excited
state (with a transfer coefficient Kgga),

dN, 1 Ny
KNSlNl
dt 1+ (KESANZ)/KNI Ter

CupV3. (1)

In Eq. (1), in addition to 7g,, only three parameters rule
the rate of excitation/deexcitation of N,:K, the Si-nc to Er
transfer rate (for which we use K=3X10715cm3s),
Kpsa=1Xx10"1 cm? s, and the upconversion coefficient
C,p- From lifetime measurements in these same samples as a
function of the excited Er concentration (1/7p =1/,
+CypN2))| Cop=(1-3)x 1077 cm?/s.7*

In Fig. 2 we compare the experimental data for the
60 min annealed sample with N, given by Eq. (1). As N, is
small and the term with Cy, in Eq. (1) is squared, the con-
tribution of upconversion is quite small. The main effect of
upconversion is to increase ¢, from ~2X10'%to ~4
% 10" photons/cm? s. The simulation curve does not repro-
duce the experimental data. Neither upconversion nor ESA
helps in improving the agreement. In particular, if we con-
sider the whole Er population coupled to the Si-nc, the rela-
tive strength of ESA with respect to indirect pumping of Er is
given b 8y the ratio KggpaN,/KN;. By the literature data quoted
before,” "~ we find that ESA becomes relevant only for an Er
inversion factor larger than 70%. We think that the main
reason for the discrepancy between simulation and experi-
ment is the assumption of the coupling of all the Er ions to
the Si-nc. In fact, if we assume that only a fraction
a=0.035 of Er ions are effectively coupled to the Si-nc, the
simulations reproduce the experimental data (see Fig. 2).
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FIG. 2. Experimental data and simulation of the number of Er atoms in the
excited state for sample annealed for 60 min. Solid curves account for the
evolution without upconversion and a different percentage of Er coupled to
the Si nanoclusters. Dashed curves included upconversion effects.

If we consider the rate equation [Eq. (1)] without making
any assumption on the mechanism by which Er is pumped,
we can define an effective excitation cross section o for Er
in the following way:

dN, N, R
=2 = 5N 1p— =2 = C,N2, 2
gr - et 1$ o wpV2 ()
hence
N 1
Tor= K— . (3)

¢ 1+ (KgsaN,)/KN,

T defined in this way includes both transfer to Er in fun-
damental state and ESA. It is calculated using Eq. (2) in
steady state and N, experimental values and is found to de-
pend strongly on ¢. For excitation at 488 nm o decreases
from ~107'® cm? at low fluxes to ~1072° cm? at hl%h ﬂuxes
as the number of indirectly excited Er saturates. Lz

is confirmed by the o extracted from the data of Fig. 1 and
reported in Fig. 3. This result can be understood by consid-
ering that at low flux the Er are excited via the Si-nc while at
high flux Er ions are not excited through the Si-nc, but are
rather pumped directly. To model this and the small number
of Er ions excited through the Si-nc even at low flux, we
postulate that Si-nc transfers energy to Er ions with a transfer
rate K which exponentially depends on the distance R be-
tween the Si-nc and the Er ion. Thus
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FIG. 3. Effective excitation cross section of Er as a function of the incident
flux at 488 nm. The inset shows the representation of effective excitation
cross section of sample annealed for 60 min as a function of the interaction
radius. The characteristic distance obtained from that fitting is 0.44 nm.
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FIG. 4. Excitable Er fraction as a function of the concentration of sensitizers
(Si nanoclusters) calculated from the distance dependent interaction model
developed in this work.

K(R) = Kye~R-Rnc)Ro, (4)

where R, is the Si-nc radius. Then if we assume that each
Si-nc transfers its excitation to the closest unexcited Er ions
it is possible to define an effective volume around each Si-nc
which contains the excited Er ions. This volume will be de-
fined by the interaction radius R which is

3 N 1/3
K= {(——2> +R30} | (5)
41 NN,

Then, by using Eq. (5) it is possible to translate o) in a
o.(R). This is shown in the inset of Fig. 3. The dependence
of o,y on R can be fitted by an exponential with a parameter
R(=0.45 nm which has the meaning of a characteristic inter-
action length. This distance dependent interaction has been
also suggested earlier in the literature with similar R
values.">™

By using the interaction rate given by Eq. (4) and the
modeling of Egs. (1)—(3) we can evaluate the amount « (per-
centage of indirectly excited Er with respect to the total Er
concentration) for Ng;=Ng; and for a given distance R,

K(R)Ng;

R)=——""—""——"7-—.
a( ) 1/7'Er+ K(R)NSI

(6)
Then by spatial integration of Eq. (6), we get a as a function
of Ng; (Fig. 4).

In order to compare the prediction of the model with the
experimental data reported in Fig. 1, one needs to estimate
the Si-nc density in our samples. By energy filtered transmis-
sion electron microscopy, we assess a Si-nc density in the
range of (3—5)X 10" cm™, quite close to values obtained
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by other authors.'>'® For this Si-nc density we see in Fig. 4

that the model predicts a coupled Er fraction between 2.5%
and 4.5%, in very good agreement with the data in Fig. 1.
Optimum coupling conditions can be obtained by the ex-
trapolation of Fig. 4 to 100% of excited Er which yields a
Si-nc density of few 10' cm™ for the Er concentration con-
sidered here of about 4 X 10?° cm™>. Then each Si-nc would
excite 10-20 Er ions at most.

In summary, the distance dependent interaction model
explains why only 3.5% of the total Er concentration is
coupled to the Si-nc. These results have strong implications
for the buildup of an optical waveguide amplifier with Si-nc
and Er. A large effort is needed to engineer the material com-
position in order to increase the density of sensitizers (Si-nc)
closely coupled to Er to accomplish the minimum 50% of
their population inversion that is required for the achieve-
ment of optical gain.
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