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Modification of energy transfer from Si nanocrystals to Er’* near a Au thin film
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The effects of a Au thin layer on the rate of energy transfer from Si nanocrystals (Si-nc’s) to Er’* were
studied. The energy transfer rate was found to oscillate with increasing the separation between the active layer
and the Au thin film. The period of the oscillation agreed well with that of the calculated radiative decay rates
of Si-nc’s at the energy transfer wavelength. The present results provide evidence that the rate of energy
transfer from Si-nc’s to Er** is proportional to the photonic mode density at the energy transfer wavelength and
can be controlled by controlling the photonic environment.
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I. INTRODUCTION

Sensitized excitation of Er** by the energy transfer from
Si nanocrystals (Si-nc’s) has been attracting a lot of
attention'~® because it overcomes the small excitation cross
section of Er’**. One of the most promising applications of
this phenomenon is a compact planer optical amplifier oper-
ating at the 1.54 um range®!'?; the size of an Er doped fiber
amplifier used for long-distance optical telecommunication is
greatly reduced because of the large absorption cross section
of Si-nc’s and the efficient energy transfer to Er**. The effi-
cient energy transfer from Si-nc’s to Er’* and the inefficient
energy transfer for the reverse direction are considered to
arise from the modified electronic structures of the Si-nc’s by
the quantum size effects.

Intensive research has been done to understand the
mechanism of sensitized excitation of Er** and the condi-
tions needed to realize optical amplification. Pacifici et al.!!
constructed a model, which takes into account all possible
transitions in and between Si-nc’s and Er’*, and clarified the
conditions needed to realize optical amplification. In a pre-
vious work,? we studied the time transient of 1.54 pm pho-
toluminescence (PL) of Er’* after the excitation of Si-nc’s
and found that the intensity rises after finishing excitation,
which evidences energy transfer from Si-nc’s. Detailed
analysis of the time transient of the PL revealed that there are
two different energy transfer processes, i.e., fast and slow
ones. The energy transfer rate of the fast process is larger
than our time resolution (100 ns) and the mechanism is con-
sidered to be essentially the same as that in Er doped bulk Si
crystals, i.e., an exciton is trapped to an Er** related center in
the band gap of Si and transfers its energy by an Auger-like
process. Since the process is mediated by trap centers, the
energy transfer rate does not strongly depend on the size of
the Si-nc’s and inhomogeneously broadened PL bands of
Si-nc’s are quenched totally. The rate of the fast process is
much larger than the radiative recombination rate of excitons
in Si-nc’s, resulting in complete quenching of the PL from
Si-nc’s.

In addition to the bulklike fast process, a slow energy
transfer process, which is a characteristic process in the
Si-nc’s-Er system, exists. The energy transfer rate of this
process can be measured from the rising part of the delayed
luminescence from Er**, and is in the range of several tenths
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to several hundredths of microseconds. It was found that the
energy transfer rate of the process is proportional to the re-
combination rate of excitons in Si-nc’s.!> The proportionality
strongly suggests that the process is a Forster type Coulom-
bic interaction'3 between excitons and Er**. In contrast to the
fast process, the slow process is a direct interaction between
excitons and Er**. The direct interaction results in a strong
size dependence of the energy transfer rate. Since the elec-
tronic states of Er’* are discrete and the band gap energies of
Si-nc’s are distributed by size distribution, there should be
optimum sizes of Si-nc’s which can transfer energy reso-
nantly to Er** within the size distribution. This resonant en-
ergy transfer appears as spectral holes in inhomegeneously
broadened PL bands of Si-nc’s at low temperatures.'* The
energy transfer rate of the slow process is comparable to the
decay rates of excitons in Si-nc’s. Therefore, the lumines-
cence from Si-nc’s is not completely quenched by the energy
transfer. The effect of the energy transfer appears as a short-
ening of the lifetime of exciton luminescence, and from the
degree of the shortening, the energy transfer rate can be es-
timated.

Recently, it has been proposed that Forster energy transfer
can be modified by microcavities and metal structures in
which the local photonic environment is altered.'>~'® Hop-
meier et al.'® showed that the energy transfer between or-
ganic molecules is enhanced if they are located in a dielectric
microcavity. Furthermore, Andrew and Barnes?® demon-
strated that the energy transfer rate depends linearly on the
radiative rate of an energy donor in a metal microcavity. On
the other hand, Dood et al.?! showed contradicting results,
i.e., the energy transfer rate between Er’* is not modified by
its photonic environment when placed in a dielectric micro-
cavity.

These studies have mainly been made on molecules and
ions. It is of interest whether or not the same scenario works
on other systems such as excitons in semiconductor nano-
crystals. As mentioned above, the slow energy transfer from
Si-nc’s to Er** is considered to be due to the Forster type
process, and thus is a good system for the study of the effect
of the photonic environment on the energy transfer rate.

The main purpose of this work is to investigate the effects
of Au thin layers on the energy transfer rate from Si-nc’s to
Er**. We first study the effects on the decay rates of Si-nc’s
for the samples not containing Er. We will show that the
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FIG. 1. Schematic representation of the sample structure. SiO,
active layer containing Si-nc’s and Er (Si-nc:Er:SiO,) or Si-nc’s
(Si-nc: Si0,) is deposited on a SiO, substrate. On the active layer, a
SiO, spacer layer and a Au thin layer (100 nm) is deposited.

decay rates are strongly modified by placing a Au thin layer
on top of the samples, and that the dependence of the rates
on the distance between the samples and the Au layer is well
explained by a theoretical model. We then study the effects
of the Au layer on the energy transfer rate. We estimate the
rate by two approaches, i.e., from PL time transients of en-
ergy donors (Si-nc’s) and acceptors (Er’*). We will demon-
strate that the energy transfer rate oscillates depending on the
sample-Au layer distance. We will show that the oscillation
behavior of the energy transfer rate is in good agreement
with that of the calculated radiative decay rate at 1.26 eV,
where the energy transfer from Si-nc’s to Er** is made.

II. EXPERIMENTAL PROCEDURE

Figure 1 shows a schematic illustration of the sample
structure. An active layer consisting of SiO, films containing
Si-nc’s (Si-nc:Si0O,) or Si-nc’s and Er (Si-nc:Er:Si0,) were
deposited on a SiO, substrate by the cosputtering of Si, SiO,,
and Er,05.>* The thickness of the films was about 150 nm.
The films were then annealed in a nitrogen gas atmosphere
for 30 min at 1200 °C to grow Si-nc’s. In this method, the
size of Si-nc’s can be controlled by changing the excess Si
concentration or the annealing temperature. In this work, the
size was controlled so that the luminescence maximum of
Si-nc’s coincided with the excitation energy of the *I; Jp State
of Er** (1.26 eV). The average size of Si-nc’s (d;) was about
4.1 nm. Er concentration was fixed to 0.11 at. %. After the
growth of Si-nc’s by annealing, a SiO, spacer layer was de-
posited on the active layer by the sputtering method. The
thickness of the layer (d) was changed from 100 to 600 nm
continuously on a sample by controlling a shutter during the
sputtering. Finally, a Au thin film (about 100 nm in thick-
ness) was deposited by vacuum evaporation.

The PL spectra were measured using a single monochro-
mator equipped with an InGaAs near-infrared diode array.
The excitation source for all measurements was a 510 nm
light from an optical parametric oscillator (OPO) pumped by
the third harmonic of a neodium:yttrium-aluminum-garnet
(Nd:YAG) laser (pulse energy 0.5 mJ/cm?, pulse width 5 ns,
and repetition frequency 20 Hz). In this wavelength, Er’* is
not directly excited by incident photons; only Er** having
interaction with Si-nc’s can be excited by the energy transfer
from Si-nc’s, while those not interacting with Si-nc’s are not
excited. For all the spectra, the spectral response of the de-
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FIG. 2. (a) The PL spectra of a SiO, film containing Si-nc’s
(dgi=4.1 nm) and that containing Si-nc’s and Er (0.11 at. %). The
broad emission band at around 1.27 eV is due to recombination of
excitons in Si-nc’s, and a sharp peak at 0.81 eV arises from intra 4-f
shell transition of Er** (I 3,,—"*I,5). (b) PL decay curves of
Si-nc’s at 1.26 eV for the sample containing and not containing Er.
Inset shows a typical PL time transient of Er at 0.81 eV.

tection system was corrected by the reference spectrum of a
standard tungsten lamp. For the time response measure-
ments, the luminescence signal was detected by a near-
infrared photomultiplier (R5509-72, Hamamatsu) and the de-
cay curve was recorded by a multichannel scalar (SR430
Stanford Research). The overall time resolution of the sys-
tem was better than 100 ns. All measurements were per-
formed at room temperature.

III. RESULTS AND DISCUSSION
A. Energy transfer from Si nanocrystals to Er3*

Before starting the discussion on the effects of a Au layer,
we will demonstrate the evidence of energy transfer from
Si-nc’s to Er** and show how to determine the energy trans-
fer rate.!” Figure 2(a) shows PL spectra of Si-nc:SiO, and
Si-nc:Er:SiO, films. The broad emission band at around
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1.27 eV is due to the recombination of excitons in Si-nc’s
and the sharp one at 0.81 eV is due to the intra-4f shell
transition of Er’*. We can see that the PL from Si-nc’s is
quenched by Er doping. The quenching is accompanied by a
shortening of the lifetime, as can be seen in the PL decay
curves in Fig. 2(b). The quenching and the shortening of the
lifetime of the PL from Si-nc’s by Er doping is strong evi-
dence of the nonradiative energy transfer from Si-nc’s to Er.
If we assume that the shortening of the lifetime is due to the
energy transfer to Er**, the energy transfer rate can be esti-
mated from a change of the decay rates. Additional and more
direct evidence of the energy transfer is obtained from the
time transient of PL from Er** after the pulsed excitation of
Si-nc’s. The inset of Fig. 2(b) shows a typical time transient
curve of PL from Er** at 0.81 eV. We can clearly see that PL
intensity rises slowly after finishing the excitation. This PL
delay is direct evidence that Er’* is excited indirectly by the
energy transfer from Si-nc’s, and the energy transfer rate can
be estimated from the rise time.

The time transients of PL from Er can be reproduced by a
model which takes into account the two different energy
transfer processes, i.e., fast and slow ones.!2 In the model,
the time transient is expressed as

f W
1(1) ( Y—[r)eXp(— Wet)
NEr ‘Vtr + WSi - WEr
f
e '+ W)t 1
e S W, ()

where N, and Ny, denote the number of Er** contributing to
the fast and slow processes, respectively, W;, is the energy
transfer rate of the slow process, Wg; is the recombmatlon
rate of Si-nc’s when Er does not exist nearby, and Wy, is the
relaxation rate of excited Er. The fast process is faster than
our time resolution and thus the rate does not appear in the
model. Among these parameters, Wg; is estimated from the
decay curves of Si-nc:SiO, samples, while others can be
estimated from the fitting. The solid curve in the inset of Fig.
2(b) is the result of the fitting. We see that the model can
reproduce the experimental results quite well.

B. Effects of Au thin films on PL properties of Si nanocrystals

In this section, we will discuss the effects of a Au layer on
the PL properties of Si-nc’s in Si-nc:SiO, samples. The inset
of Fig. 3(a) shows the PL decay curves at 1.26 eV for
Si-nc:SiO, samples with a Au thin film. The spacer thick-
nesses are 120, 270, and 330 nm. We can see that the life-
time, as well as the shape of decay curves, depends strongly
on the spacer thickness. In order to estimate the decay rate,
the PL decay curves are fitted with the stretched exponential
function,?? which has been commonly used to estimate PL
lifetime of Si-nc’s. In Fig. 3(a), the decay rates estimated by
the fitting are plotted as a function of the spacer thickness
(closed squares). We see that the decay rates oscillate with
increasing spacer thickness. For a comparison, the decay rate
of the sample without the Au layer is shown by the horizon-
tal dashed line.

In order to explain the origin of the variation of the PL
decay rates, we calculated the decay rates from a model de-
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FIG. 3. (a) The PL decay rates of Si-nc’s as a function of spacer
thickness (closed squares). The decay rate without the Au thin film
is shown by a horizontal dashed line (left axis). The solid curve
represents the normalized decay rate calculated for an isotropic di-
pole emitting at 1.26 eV (right axis). In the inset, the PL decay
curves of Si-nc’s for various spacer thickness are shown. (b) A
dissipated power spectrum at 1.26 eV for an isotropic dipole posi-
tioned at the center of an active layer as a function of normalized
in-plane wave vector. (c) Spacer thickness dependence of the total
decay rate (solid line), the radiative rate (dashed line), the rates of
energy transfer to surface plasmon modes (dotted line), and lossy
wave modes (dashed dotted line). In obtaining these rates, the con-
tribution of dipoles positioned between the active layer/substrate
and the active layer/spacer interfaces were averaged.
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veloped by Chance et al.?} In the calculation, emitters are
treated as a point dipole positioned at a distance from the
metal or dielectric surface in an arbitrary medium. The di-
pole field interferes with the field reflected by the surface,
and the interference modifies the radiative rate of the dipole.
In addition, when the dipole field couples to the surface plas-
mon modes in metal or guided wave modes, nonradiative
energy transfer from the dipole to the modes occurs, which
results of the increase of the decay rate. The power dissipa-
tion, i.e., the decay rate, of the dipole is obtained from the
imaginary part of the electric field.>* The dissipated power as
a function of the in-plane wave vector is a measure of the
power lost to each mode; the modes of the in-plane wave
vectors smaller than the far field wave vector? are radiative,
while those that are higher than that are nonradiative. The
total decay rate is obtained by adding the power dissipated to
all the modes or integrating over the whole wave vector
range.

For practical calculation, we considered a four layer
system shown in Fig. 1. The dielectric constants Au,
the spacer, and the active layers used for the calculation
are eAu=_46'2+ 362l, GSioz= 1 44, and ESiOX= 1 48,
respectively.?® The dielectric constant of the active layer was
estimated by the Bruggeman effective medium theory.?’ Fig-
ure 3(b) shows the dissipated power spectra of an isotropic
dipole emitting at 1.26 eV, positioned at the center of the
active layer as a function of normalized in-plane wave vector
(u), which is defined by an in-plane wave vector divided by
a far-field wave vector. The spacer thickness is changed from
0 to 600 nm. In this system, the normalized in-plane wave
vector from 0 to 0.97, which is the condition for total internal
reflection at the active layer-substrate interface, corresponds
to the propagating far-field components (radiative), while
those larger than 0.97 correspond to the nonradiative compo-
nents. The oscillation observed at #<<0.97 for the spacer
thickness of 400 nm is caused by the destructive or construc-
tive interference of the dipole field with the reflected one. A
sharp peak at around u=1.1 is due to the excitation of the
surface plasmon mode at the Au-active layer interface, its
intensity increases with the decrease of the spacer thickness
because the fields accompanied by the surface plasmon mode
decay exponentially from the interface.”> The component of
u>1.1 is the excitation of the lossy wave mode, which is the
energy transfer to the electronic charge density oscillations.?
The dissipation of power into the lossy wave modes rapidly
increases as the spacer thickness decreases.?

In order to retain the information about the modal contri-
bution of each mode to a total decay rate, we integrated the
dissipated power over limited wave vector ranges. In obtain-
ing these rates, the contributions of dipoles positioned in the
150 nm thick active layers were averaged. The contributions
of the radiative mode, the excitation of the surface plasmon,
and the lossy wave modes are shown in Fig. 3(c), together
with the total dissipated power. We see that the radiative rate
oscillates due to the interference between dipole fields and
those reflected from the Au thin film. On the other hand, the
excitation rates of the surface plasmon and lossy wave
modes decrease monotonically with increasing spacer thick-
ness.

In Fig. 3(a), the calculated total dissipated power (solid
curve) is compared with experimentally obtained decay
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FIG. 4. (a) The PL decay curves of Si-nc’s (1.26 eV) with
(closed circles) and without (open circles) Au thin films for the
samples containing Si-nc’s and Er. The spacer thickness is 330 nm.
(b) The PL time transients of Er3* (0.81 eV) with (closed triangles)
and without (open squares) Au thin films obtained for the same
samples. The spacer thickness is 600 nm. The solid and dashed
curves are the results of fitting (see Ref. 12).

rates. We can see that they show very similar spacer thick-
ness dependence, indicating that the observed large decay
rates at the small spacer thickness are due to the coupling of
excitons with the surface plasmon and lossy wave modes,
and the oscillation of the rate at large spacer thickness is due
to the oscillation of the radiative rate.

C. Effects of Au thin films on energy transfer from Si
nanocrystals to Er3*

We are now ready to discuss the effects of a Au layer on
the energy transfer from Si-nc’s to Er**. Figures 4(a) and
4(b) show the time transients of PL from Si-nc’s and Er’*,
respectively, for Si-nc:Er:SiO, samples covered or not cov-
ered by Au thin films. The spacer thickness is 330 and 600
nm, respectively. The lifetime of PL from Si-nc’s becomes
longer by the presence of the Au layer [Fig. 4(a)]. The effect
of the Au layer also appears on the PL time transient of Er**
[Fig. 4(b)]. Although not very clear, both the PL delay and
decay time become longer by the Au layer.
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Si-nc:Si0, and Si-nc: Er:SiO, without Au thin films are shown by
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We first try to estimate the energy transfer rate from the
decay rates of PL from Si-nc’s. Figure 5 shows the decay
rates of Si-nc’s as a function of the spacer thickness for
Si-nc:Er:SiO, samples (open squares). The decay rates are
obtained by fitting the PL decay curves with a stretched ex-
ponential function. For comparison purposes, the decay rates
of Si-nc’s PL in Si-nc:SiO, samples are also shown (closed
squares). We can clearly see that the decay rates of
Si-nc:Er: SiO, samples oscillate with larger amplitudes than
the samples not containing Er. The strong enhancement of
the oscillation amplitude suggests that the energy transfer
rate is strongly modified by the presence of the Au layer.

In the simplified model, the decay rates of Si-nc’s PL for
Si-nc:Er:Si0, samples are expressed as Wg;+ Wgp, where
Ws; and Wgr denote the decay rates in the absence of Er and
the energy transfer rate, respectively. Therefore, by subtract-
ing the decay rates of Si-nc’s without Er from that with Er,
Wgr can be estimated. Figure 6 shows the estimated energy
transfer rate as a function of the spacer thickness (closed
squares). We can see the oscillation of the energy transfer
rate.

In order to understand the mechanism of the oscillation of
the energy transfer rate, we compare the results with theoret-
ical calculations. By comparing the results in Fig. 6 with the
calculated decay rates at 1.26 eV shown in Fig. 3(c), we
notice that the oscillation behavior of the energy transfer rate
is very similar to that of the radiative decay rates of Si-nc’s at
1.26 eV. The solid curve in Fig. 6 is the calculated radiative
decay rate at 1.26 eV. The oscillation period of the calculated
radiative rate is in good agreement with that of the energy
transfer rates estimated from the time transient of Si-nc’s PL.
The similar oscillation behavior of the experimentally ob-
tained energy transfer rate and the calculated radiative decay
rate strongly suggests that a common mechanism stands be-
hind them.

As discussed above, the oscillation of the radiative decay
rate is due to the interference of the dipole fields and the
reflected fields. Another explanation of this phenomenon is
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sample without Au thin films are shown by the horizontal dotted
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that the local photonic mode density (PMD) is modified due
to the existence of a metal layer.”>?%-30 Since the radiative
decay rate is proportional to the PMD, oscillation of the
PMD results in the radiative decay rate. It is well known that
the rate of a Forster type energy transfer is proportional to
the radiative rate of the energy donor.!* Therefore, if the
radiative decay rate of a donor is modified by changing the
PMD, the energy transfer rate is also modified with the same
period. In the present system, the energy transfer from
Si-nc’s to Er** by the slow Forster type process is made
mainly to the second excited state of Er** at 1.26 eV. There-
fore, Si-nc’s with the band gap energy of 1.26 eV are energy
donors, and the energy transfer rate should be proportional to
the PMD at 1.26 eV. We believe that the results shown in
Fig. 6 prove the proportionality relation between the PMD
and the energy transfer rate.

The results of Fig. 6 strongly suggest that control of the
PMD is a possible approach to control the energy transfer
rate. However, in the present samples, the energy transfer
rate decreased in the wide spacer thickness range. An en-
hancement of the rate is expected to be possible by using a
rough metal surface instead of a flat one. In our preliminary
work on similar samples with rough metal films, the en-
hancement of the rate is obtained. Those results will be
shown elsewhere.

In the present work, the energy transfer rate can also be
estimated from the rising part of the PL time transients of
Er**. To estimate the rate we fitted the curves by Eq. (1). For
the fitting, Wy; obtained from decay curves of Si-nc’s PL at
1.26 eV of Si-nc:SiO, samples with the same spacer thick-
nesses were used. The solid curves in Fig. 4(b) are the results
of the fitting and reproduce the experimental results quite
well. Open squares in Fig. 6 show the estimated energy
transfer rates as a function of the spacer thickness. We see
again the oscillation of the energy transfer rate. However, the
absolute values of the rate are different from those estimated
from Si-nc’s PL. The decay curves of PL from Si-nc’s are
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determined by an ensemble of those having interaction with
Er** and those not having interaction. The presence of
Si-nc’s without interaction with Er** suppresses the shorten-
ing of the measured lifetime, resulting in a seemingly smaller
energy transfer rate.

In Fig. 6, the oscillation period of the rate estimated by
the two methods do not agree perfectly. In the present
samples, in addition to the energy transfer to the second ex-
cited *I,,, state of Er** (1.26 eV), that to the third excited
*1,,, state (1.55 V) is partially possible because of the broad
PL bands of Si-nc’s [see Fig. 2(a)]. The energy transfer rate
estimated from the time transient of Er** PL thus reflects not
only the rate to the *I,,,, state but also that to the *I,, state.
The two energy transfer processes exhibit different spacer
thickness dependence of the energy transfer rate, i.e., the
oscillation period at 1.55 eV is smaller than that at 1.26 eV.
We believe that the contribution of the third excited state to
the energy transfer process modifies the oscillation behavior,
and results in different spacer thickness dependence of the
rate from that estimated from the decay curves of Si-nc’s PL.
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IV. CONCLUSION

The effects of a Au layer on the rate of Forster energy
transfer from Si-nc’s to Er** were studied. We found clear
oscillation of the rate with the increasing thickness of the
spacer layer between the active layer and the Au layer. The
oscillation behavior of the radiative decay rate at the energy
transfer wavelength agreed well with that of the energy
transfer rate. Since the radiative rate is proportional to the
photonic mode density, the present results provide the evi-
dence that the energy transfer rate is proportional to the pho-
tonic mode density at the energy transfer wavelength. The
present results suggest that the control of photonic environ-
ment is a promising approach to controlling the energy trans-
fer rate from Si-nc’s to Er’*.
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