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Luminescence from Er’" ions sensitized by nanocluster Si is investigated using finite-element,
Monte-Carlo simulations. We find that we can reproduce and explain many conflicting results that
have been reported using only a simple Forster-type interaction. In particular, we show that Er-Er
energy migration plays a major role in Er’*" excitation such quantities such as excitation distance
and sensitized fraction depend on optically active Er fraction and pumping power. Based on
simulation results, we identify optically active fraction as the critical factor and suggest a multi-layered
structure as being ideal for achieving population inversion. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4757001]

Light emission from silicon has been the subject of
intense research, both as a fundamental problem in semicon-
ductor physics and as a practical application in the field of
silicon photonics.! Of the many approaches, using a combi-
nation of nanocluster Si (nc-Si) and Er’t together in a ma-
trix>~* has attracted a particular attention. In this case, nc-Si
act as sensitizers that collect and transfer energy to the 4f
shells of Er’" ions with an effective excitation cross section
that is both broad and orders of magnitude larger than the
direct, optically resonant excitation cross-section of Ert,
while Er’" ions in turn provide stable, intra-4f emission at
1.54 ym that is compatible with both SOI-based micro-pho-
tonics and long-distance telecom.””’ By now, both broad-
band pumping using low-cost light sources®® and electrical
excitation'® have been demonstrated, raising the possibility
that nc-Si sensitized Er’™ can provide a low-cost 1.54 um
light source in a CMOS compatible platform.

Yet despite years of research, much of even basics of the
sensitization process remain under dispute. For instance, many
researchers have reported that the energy transfer from nc-Si
to Er’" decreases as exp[—x/X,], with an “interaction dis-
tance” X, of less than 1 nm, suggesting a short-range, Dexter-
type interaction.'"™ In direct contrast, it was recently
reported that nc-Si can excite Er'" from as far as 7nm
away.'* Such a long-range interaction is incompatible with a
Dexter-type interaction, but compatible with a Forster-type
interaction that often plays a dominant role in energy transfer
processes at the nanoscale.'® Indeed, Forster-type energy
transfer among Er’" ions has long been known to impact the
Er’" luminescence properties.'® Resolving this uncertainty is
critical not only for the scientific understanding of the system,
but also for its technological applications as well. If energy
transfer is limited to sub-nm distances, then only a very low
fraction of doped Er’" would be sensitized such that popula-
tion inversion would be impossible, while energy transfer
across several nm would, in principle, enable population
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inversion. Indeed, reported values of sensitized fraction ranges
from as low as 3%"'" to >50%."*

In this paper, we report on results of a finite-element,
Monte-Carlo simulation of nc-Si sensitization of Er’". By
using Monte-Carlo simulation instead of rate equation, it is
possible to vary the material structure and composition arbi-
trarily on sub-nm scale to investigate their effect. We find
that a single, Forster-type interaction between nc-Si and
Er’", together with the well-known Er-Er energy migration,
is sufficient to reproduce the wide range of conflicting results
that have been reported. In fact, many disputed quantities
such as apparent interaction distance and sensitized fraction
are dependent on sample structure and other incidental ex-
perimental conditions. Based on simulations results, we iden-
tify the optically active fraction of Er as a critical factor that
controls population inversion and suggest a multi-layered
structure as being ideal for achieving population inversion.

For simulations, a cubic grid with a cell size of
0.2 x 0.2 x 0.2 nm?, and a time step (At) of 1 ns was used.
The volume simulated consisted of an area of 40 nm x 40 nm,
with thicknesses as appropriate for each simulation. The grid
size and time steps were confirmed to be small enough not to
produce any significant artifacts. A cell can be empty, or sin-
gly occupied by either an nc-Si or an Er’ " ion. All nc-Si are
assumed to be active: that is, they are all equally capable of
transferring energy to nearby Er’" ion. On the other hand,
some Er ions are assumed to be inactive: that is, they can be
excited by energy transfer, but immediately undergo
non-radiative decay to the ground state. The system is then
subjected to continuous illumination and allowed to evolve
on its own according to the following simple rules: (i) only
the nc-Si absorb pump photons; (ii) excited nc-Si can decay,
transfer energy to Er’ *, or do nothing; (iii) excited Er’ " ions
can decay, transfer energy to nearby Er’ ", or do nothing. The
rate of nc-Si excitation, W, is given by o, where g, 1S
the absorption cross-section of nc-Si, and ¢ is the photon
flux. The decay rates of excited nc-Si and active Er’" are
given by 1/t, where t is their decay lifetimes. The nc-Si—
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Er’" and Er’ "-Er’" transfer rates are both assumed to be a
Forster-type interaction of the form W = %(’7)6, where 7 is
the lifetime of the excited donor, r, is the critical transfer dis-
tance at which the energy transfer and spontaneous decay of
the excited donor have equal probability, and r is the donor-
acceptor distance.'> The probability that an energy transfer
process occurs within a single time step during simulation is
then given by WAt In all cases, an Er concentration of
10*°cm ™ and nc-Si concentration of 10'° cm ™ were used,
and results of more than 10 simulations were averaged. An
example of the material structure, the flow chart for the simu-
lation and the values of the parameters used in simulations
are summarized in Fig. 1 and Table I, respectively. We take
the radiative lifetime of nc-Si (7,.s;) and Er (g, ,.4) to be
40 us and 10ms, respectively. On the other hand, the actual
decay time of Er*t (TEr_decay) 18 taken to be 1ms, which is
the value typically observed from nc-Si sensitized Er’ " sys-
tems, in order to take into account the possibility of non-
radiative decay paths. The critical transfer distance for Er’*'-
Er’" energy migration (r,,7¢) and cooperative upconversion
(rcy) of Er are taken to be 1.8 and 1.0 nm, respectively.'® The
critical transfer distance for nc-Si—Er’" energy transfer is
taken to be r,. = 3 nm, in accordance with Ref. 14.

Several points are worthy of note. By placing an nc-Si in
a single cell, we are assuming that nc-Si are point-particles.
This is based on reports that suggest that Er’ " sensitization is
dominated by small, defect-like centers, possibly related to nc-
Si, not by entire ne-Si.'>% However, we will use the word
“nc-Si” to mean sensitizing centers to avoid confusion. We
allow energy transfer to both excited and ground state Er’ ™",
thus automatically including important non-linear effects such
as excited state absorption, energy migration, and cooperative
upconversion. For instance, an energy transfer from an excited
Er’" to an Er’" in the ground state represents energy migra-
tion, while an energy transfer from an excited Er’ " to another
excited Er'" represents cooperative upconversion. On the
other hand, we neglect back-transfer of energy from an excited
Er’* to a nc-Si as well as the free carrier absorption, since
such processes are minimized in low-temperature annealed
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FIG. 1. The flow chart of simulations and an example of the structures.
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TABLE I. Physical parameters used in simulation.

Parameter Value
Tne-Si 40 Hs
TEr_decay 1 ms
TEr rad 10 ms
Ty 3 nm
T'mig 1.8 nm
Teu 1.0 nm
Gabs 1071 cm?

films that maximize formation of such sensitizing centers,”'
and some of their effects can be accounted for by adjusting
other parameters such as the optically active fraction. Still, the
simulated structure should be understood to be an idealized
system whose results represent the upper limit of experimen-
tally achievable values. In all cases, we keep track of the num-
ber of excited particles, which we take to be proportional to
experimentally observable photoluminescence (PL) intensity.
We first investigate the controversy regarding the nc-Si—
Er’" interaction distance using a double-layer structure with a
2nm thick nc-Si layer and an Er-doped layer. All Er ions are
assumed to be active and ¢ is 10" photons/cm? s. Figure 2(a)
shows the effect of increasing the distance between the nc-Si
layer and an Er-doped layer of a fixed thickness, as discussed
in Ref. 14. Figure 2(b) shows the effect of increasing the
thickness of the Er-doped layer that is in contact with a nc-Si
layer, as discussed in Ref. 11 and 13. In the first case, the
decrease in the Er’ ™ PL intensity with distance from the nc-Si
layer is well-described by an exponential of the form exp[—x/
Xol], Where X is the distance between the ErT layer and the nc-
Si layer, with an apparent “interaction distance” x,, of 3.4 nm,
in good agreement with the value of 3.8 nm reported in Ref.
14. In the second case, the decrease in the nc-Si PL intensity
with increasing Er* ™ layer thickness is again well-described
by an exponential of the form exp[—x/x,], where x is the Er’ "
layer thickness, but this time with an apparent “interaction

(a) (b)
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FIG. 2. (a) Effect of increasing the nc-Si—Er distance on the sensitized Er.
The open symbols are experimental data from Ref. 14, and the closed sym-
bols are the results of simulation. (b) Effect of increasing the Er layer thick-
ness. The open symbols are experimental data from Ref. 13, and the closed
symbols are the results of simulation. Squares and circles are results of nc-Si
and Er, respectively. The dashed lines and solid lines are exponential fits of
experimental and simulations results, respectively.
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distance” of only 0.35 nm, in agreement with previous reports
of very short “interaction distance.”' """

In addition, Fig. 2(b) also reproduces another important
feature in the experimental results: the Er’" PL continues to
increase with increasing Er’ " layer thickness even after the
nc-Si PL has ceased to decrease, suggesting a much larger
apparent “interaction distance” of 1.5nm."’ This disparity
points out an important effect that is often overlooked: the
Er-Er energy migration. Figure 3(a) shows typical simula-
tions results of a double-layer structure (similar to that in
Fig. 2(b)) under identical conditions except for Er-Er energy
migration. We find that in both cases, the number of excited
Er’" ions decreases exponential-like with the distance from
the nc-Si layer. Without Er-Er energy migration, the typical
decay distance is only 1.1 nm. However, when Er-Er energy
migration is allowed, it increases to 2.6 nm, resulting in a
nearly two-fold increase of the total number of excited Er’"
ions, since Er’" ions that are far away from the nc-Si layer
can be excited via Er*" ions that are closer. As these donor
Er’" ions can then be excited again via nc-Si, increasing the
photon flux increases the apparent “interaction distance” of
Er’", as is shown in Fig. 3(b), again in agreement with ex-
perimental results reported in Ref. 13.

It should be stressed here that these reproductions of a
wide range of reported experimental results, including the
conflicting reports of short- and long-range interactions are
all based on the single set of simulation parameters given
in Table I. Thus, they show that the observed exponential-
like behavior of the form exp[—x/X,], with an apparent
“interaction distance” of x,, does not necessarily rule out a
Forster-type interaction. Rather, integrating the dipole inter-
action across many distances and directions results in dis-
tance dependence that looks like an exponential in a planar
geometry.14 Similarly, the short nm-scale “interaction dis-
tance” does not necessarily imply a similarly short-ranged
Dexter-type energy transfer mechanism. Rather, it simply
reflects the fact that a nc-Si interacts mostly strongly with
the nearest Er’ ™ ion which, given typical Er concentrations
used in experiments, is likely to lie within the first nm-thin

(b)
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FIG. 3. (a) Typical simulations results of a double layer structure with and
without Er-Er energy migration. White points and red points are excited Er
and nc-Si, respectively. Histograms show the number of excited Er’" ions,
and the red line is an exponential fit. (b) The effect of increasing the photon
flux upon the apparent interaction distance of nc-Si and Er**.
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layer next to it. In fact, the idea of an “interaction distance”
that is characteristic of a particular mechanism seems sus-
pect, as simple changes in sample geometry, composition, or
pump conditions can greatly affect its value.

So far, we have assumed that all of doped Er’" ions are
optically active. In such a case, energy migration can greatly
increase the number of Er’" ions that can be sensitized via
nc-Si, as shown above. However, in typical thin films created
by deposition, the presence of defects can lead to optical de-
activation of a significant fraction of Er’" jon."” In such a
case, the Er-Er energy migration can lead to concentration
quenching where a single optically inactive Er’" acts as a
non-radiative decay path for many nearby Er’" ions. This is
demonstrated in Fig. 4(a) that show the simulated decay
traces of Er’" luminescence. We find that the presence of
optically inactive Er’" reduces the Er’" luminescence decay
time and changes the decay trace from a single-exponential
to a stretched exponential of the form exp{ —(t/t,)"1.
Actually, such a stretched exponential decay is often
observed from nc-Si sensitized Er’".*> While many different
physical mechanisms can lead to such a stretched exponen-
tial decay,23 our results suggest that it can also be an indica-
tion of presence of optically inactive Er’*. Unfortunately,
such optically inactive Er’ " does far more damage than sim-
ply reducing the luminescence efficiency. As shown in the

1F T T T 7]
(a) [ —m— nc-Si O
r —Oo— Er /
<
o
= m
i
B 20 40 60 80 100
S Active Er fraction (%)
3
zZ
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FIG. 4. (a) Effect of optically inactive Er’* on the Er*" luminescence decay
trace. The symbols are simulation results, and the lines are fit to the stretched
exponential of the form exp{—(t/t,)*}. The inset show the effect of optically
inactive Er*" on the apparent nc-Si/Er interaction distance. (b) The effect of
optically inactive Er*" on population inversion. In this case, a homogeneous
structure with random location of nc-Si and Er in 3D is assumed.
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inset of Fig. 4(a), reducing the fraction of optically active
Er’" significantly reduces the distance across which an Er’"
ion can be excited by a layer of nc-Si as well. As a result,
achieving population inversion via nc-Si sensitization is
seriously compromised. This is shown in Fig. 4(b), which
shows the simulated Er’™ inversion level of a homogeneous
thin film in which both nc-Si and Er are randomly distributed
in 3D. All simulations parameters were the same except for
the active Er’" fraction. We find that reducing the optically
active fraction from 100% to 60% does not simply scale the
inversion level by 60%. At a pump power of 2.7 x 10'? pho-
tons/cm? s (~1 W/em? at 470 nm) that would result in 50%
inversion of a film with 100% optically active Er, the film
with 60% optically active Er reaches an inversion level of
only 17%. In fact, it does not achieve population inversion
even under an unrealistically high photon flux of 10% pho-
tons/cm” s (~4200 W/cm? at 470 nm).

Above results suggest that in achieving population
inversion of Er’™, the fraction of optically active Er’" is the
critical even with nc-Si sensitization. Practically, this would
indicate that in preparing samples, optimizing the Er’ ™ decay
trace for long luminescence lifetimes and single-exponential
decay should take the first priority. Recently, we have
reported that, by using nitrides instead of oxides, such a ma-
terial with near 100% optically active fraction can be
achieved while maintaining significant sensitization.”* Thus,
we now investigate how we may optimize the material struc-
ture for population inversion. For this purpose, we compare
the homogeneous structure used in Fig. 4(b) with a
multilayer structure in which nc-Si and Er’" are separated
into 2nm-thick nc-Si layers and 0.2nm-thick Er-doped
layers. Local densities of Er and nc-Si in multilayers are the
same as those in the homogeneous structure. Figure 5 shows
the inversion levels of two structures as a function of photon
flux. We find that population inversion in the multilayer
structure can be achieved with photon flux of only 2.4 x 10'®
photons/cm2 s, one order of magnitude lower than the homo-
geneous structure. Indeed, with a multilayered structure,
population inversion is possible even with an optically active
Er’" fraction of only 60%, since a multilayer structure mini-

Pump power (W/cmz)
1 10

100 1000 10000
1.0 E
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2
@ 06 E
&
® 04+t i
C|>.) .
g or @ 7 100% 60% |
B ,,,,,,, -O Multilayer -0
0.0} Homogeneous --[}----O-- 1

Photon Flux (cm'zs'1)

FIG. 5. Simulated Er*" population inversion levels of a homogeneous thin
film with random, 3D distribution of both nc-Si and Er, and a multilayered
thin film with 2nm-thick nc-Si layers and 0.2nm-thick Er-doped layers.
Local densities of Er and nc-Si in multilayers are the same in both cases.
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mizes concentration quenching while maximizing the nc-Si
and Er interaction. These results are consistent with experi-
mental reports on the advantages of such multilayered struc-
ture'®?* and suggests that for nc-Si sensitized Er emission,
nano-scale engineering of the structure to ensure close con-
tact of all of the doped Er’ " with nc-Si should be performed.

In conclusion, we have investigated the Er sensitization
mechanism and prospect of population inversion with
Monte-Carlo simulation. We find that a simple Forster-type
interaction can explain much of the conflicting report. In par-
ticular, we show that Er-Er energy migration has a signifi-
cant effect upon the overall sensitization process, and that as
a consequence, quantities such as apparent interaction dis-
tance and sensitized fraction are condition-dependent with-
out a fixed value, while the optically active fraction of Er
becomes the critical factor for population inversion. Based
on simulations results, we suggest a multilayered structure as
being ideal for achieving population inversion.
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