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Photoluminescence properties of silicon nanocrystals interacting with gold nanoparticles
via exciton-plasmon coupling
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The photoluminescence (PL) properties of silicon nanocrystals (Si NCs) deposited on gold nanostructures have
been studied regarding PL intensity and lifetime. In contrast to most investigations, which attempt to optimize
the overlap between the plasmon resonance and the Si NCs’ PL band, we chose much smaller gold nanoparticles
to achieve an improved exciton-plasmon coupling. PL enhancements of up to 20 were observed near the plasmon
resonance. In the maximum of the PL band at 710 nm, we determined a PL. enhancement of ~4 while the average
PL lifetime was found to increase from 45 to 66 us. The experimental observations were successfully explained
with a model invoking bidirectional energy transfer between excitonic and plasmonic states, being operative in
addition to the normal exciton recombination rate enhancement.
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I. INTRODUCTION

Silicon nanocrystals (Si NCs) are an important represen-
tative of indirect semiconductor quantum dots and a basic
building block of promising nanotechnological devices. For a
comprehensive review of their properties and applications in
nanoelectronics, photonics, photovoltaics, and nanobiotech-
nology, the reader is referred to the recent book edited by
Pavesi and Turan [1].

SiNCs show efficient photoluminescence (PL) in the visible
to near infrared range when excited by UV radiation. The PL
may originate from radiative recombination of electron-hole
pairs (excitons) created by the UV photons [2], or it may
arise from luminescent defect centers [3]. Both mechanisms
compete with each other and can be active within the same
nanocrystal [4]. The origin of the PL depends very much
on the method of synthesis and on the size of the Si
NCs. Chemical synthesis routes, in particular if they include
surface functionalization, and small nanocrystal sizes favor
the creation of luminescent defect centers. In contrast, for
Si NCs produced by CO, laser-induced pyrolysis of silane
in a flow reactor and gently passivated via oxidation in air,
it could be shown that their PL was predominantly caused
by radiative exciton recombination [2,5,6]. As this PL is
governed by quantum confinement its characteristic properties
(PL wavelength, exciton lifetime, and quantum efficiency)
are functions of the NCs’ size and can thus be tuned [7].
For some applications, further size-independent tuning is
desirable. One way to achieve this is to exploit the interaction
between the excitons of the Si NCs and the plasmons of metal
nanostructures. In the past, such systems have mainly been
investigated with the goal to obtain higher PL yields.

For Si NCs in a SiO, matrix, the highest reported PL
intensity enhancement in the presence of nanoscale Ag
island arrays is sevenfold [8]. Gold nanostructures have been
demonstrated to increase the brightness of Si NCs by a factor
of 5 [9]. In most studies, such enhancements of the PL
intensity were accompanied by an increase of the emission
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rate [9—11]. For porous silicon, a decay rate increase together
with a quenching of the PL intensity was observed in the
presence of a semicontinuous gold film [12]. In contrast, Bassu
et al. [13] found for a system with gold nanoparticles a PL
intensity enhancement that was associated with a reduced
recombination rate. In this paper, we report on a study of
the PL properties of Si NCs on top of small (d = 14.4 nm)
gold nanoparticles. The improved exciton-plasmon coupling
results in an 3.9-fold PL enhancement at 710 nm and a lifetime
retardation from 45 to 66 us.

II. EXPERIMENT

Colloidal gold nanoparticles (Au NPs) from a PELCO AFM
calibration kit having an average diameter of (14.4 & 0.9) nm
were drop-casted on a fused silica (FS) window. Atomic force
microscopy (AFM) measurements reveal that, after the evap-
oration of the solvent, the drop-casted Au NPs agglomerate
on the FS window and randomly arrange themselves to form
agglomerates of varying size and shape that are composed of
up to two monolayers of Au NPs, as shown in Fig. 1. The
small separation between individual particles causes a shift of
the plasmon resonance that will be discussed in Sec. III.

About one-half of the Au NP layer was covered by a thin
layer of Si NCs with an average diameter of (4.3 +0.9) nm
employing the cluster beam deposition technique [14]. For this
purpose, the Si NCs were synthesized by CO, laser-induced
pyrolysis of silane in a gas flow reactor and expanded into a
vacuum to form a freely propagating beam of Si NCs [5,6].
To prevent all Au NPs from being covered by the Si NCs, part
of the Au NP layer was protected by a glass cover slip. The
deposition time of 36 min resulted in a Si NC layer thickness
of 83 nm, with a porosity of approximately 78% [15].

For the PL excitation of the Si NCs, a continuous-wave
(cw) diode laser (Coherent, model Cube 405-50C) operating
at A =406 nm was utilized (spot size: 0.5 mm; irradiance:
240 mW cm™2) to measure steady-state PL spectra and the
temporal response of the PL intensity upon switching on
and off the excitation source. The switching was achieved
by means of a digitally modulated periodic square-wave
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FIG. 1. (Color online) AFM image measured on a 900 x
900 nm? large sample area of the FS window covered with Au NPs
only. Agglomerates consisting of one or two monolayers are formed.

signal. Decay measurements under pulsed excitation of ~10 ns
duration were carried out with a quadrupled Nd: YAG laser. The
luminescence setup was arranged in the so-called reflection at
45° geometry [16], where the detection was perpendicular to
the sample surface and the incident angle of the excitation
beam was 45°. To enable measurements in the frequency and
time domains, the emitted PL photons were collected with a
lens attached to an optical fiber and analyzed with either a
miniature spectrometer (Ocean Optics, model QE65000) or
a 30 cm scanning monochromator (McPherson, model 218)
equipped with a photomultiplier tube (Burle Electron Tubes,
model C31034), respectively. Transmission measurements
were performed with a spectrophotometer (Jasco, model
V-670).

II1I. RESULTS AND ANALYSIS

InFig. 2, we present in panels (a) and (b) photographs of the
interesting part of the sample seen under an optical microscope
when it is illuminated by a normal lamp and an ultraviolet (UV)
lamp (A = 254 nm), respectively. The Au NPs are located on
the left of the circular border, originating from the drop-casting
procedure. The Si NCs were deposited on the entire area to
the right of the vertical line marking the edge of the cover slip.
Hence the photos show three different areas of nanoparticle
coverage, which are from left to right: Au NPs only, Si NCs
on top of Au NPs, and Si NCs only. Under UV illumination,
the Au NPs show a weak blue PL while the Si NCs on Au NPs
reveal rather strong orange-red PL and the Si NCs on bare FS
appear weakly red because their major PL response is in the
infrared (IR).

The PL spectra shown in Fig. 3(a) were acquired 6 months
after sample preparation. Therefore, the passivation of the Si
NCs by natural oxidation in air was already completed [2]. All
PL spectra shown were corrected for the response of the entire
optical system. The PL spectrum of bare Si NCs deposited
directly on the FS window (unaffected by Au NPs) is given
by the black curve. Their broad PL band extending from the
red to the near-IR is caused by the radiative recombination of
excitons in Si NCs [7] and peaks at 819 nm. For the Si NCs
deposited on Au NPs, the PL band (light gray or brown curve)
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FIG. 2. (Color online) Photographs of the sample seen under an
optical microscope and illuminated by a normal lamp (a) and an UV
lamp with A = 254 nm (b). To view the enhanced red PL of the Si NCs
on top of the Au NP layer, the reader is referred to the online version
of this article. The three positions, where the PL. was measured, are
marked by ellipses representing the spots illuminated by the laser.

is blueshifted and has its maximum at 711 nm. Moreover, its
intensity in the visible is considerably increased as was already
shown in Fig. 2. The bare Au NPs give rise to a blue PL band
(dark blue dashed curve) peaking at 480 nm. Of course, this
band also contributes to the PL measured when both Au NPs
and Si NCs are present. The small narrow peak at 406 nm
showing up in all spectra is caused by the scattered laser light
leaking through the 405 nm long-wave pass filter.

The spectral dependence of the Si NCs’ PL enhancement
is plotted in Fig. 3(b) by the light gray (or brown) curve. It is
obtained as the ratio of the two solid curves of Fig. 3(a) (Si NCs
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FIG. 3. (Color online) (a) PL spectra of Si NCs deposited on FS
and on Au NPs as well as of Au NPs drop-casted on FS. (b) PL
enhancement for the Si NCs together with the extinction of Au NPs.
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FIG. 4. (Color online) Photoluminescence response of Si NCs
deposited on FS and on Au NPs measured at A = 710 nm upon
switching on the cw laser. Fits to the measured data (dots) are shown
as solid lines. For a better visualization of the slower response in the
presence of Au NPs, the inset shows the same data on a normalized
scale.

on Au NPs/SiNCs on ES) after having subtracted the properly
scaled blue band arising from the Au NPs. An up-scaling of
the blue Au PL band was necessary, in order to account for the
higher density of Au NPs at the position where the Si NC emis-
sion was measured (see Fig. 2). As it was demonstrated that
the PL emission of Si NCs on FS is isotropic [17] and because
the Au NPs are randomly distributed on the substrate and do
not reveal any symmetry, periodicity, or preferred orientation,
we do not expect that the PL enhancement is anisotropic. PL
measurements carried out from the backside of the sample, i.e.,
for the light emitted through the Au NP layer and the substrate,
revealed practically the same PL enhancement values for the
entire wavelength range proving that the presence of the Au
NPs does not significantly alter the ratio of the fluorescence
emitted into the forward or backward direction. Also shown
in Fig. 3(b) is the extinction of Au NPs drop-casted on FS.
Although the Au NPs have arelatively narrow size distribution,
their plasmon resonance at 605 nm is rather broad and
redshifted with respect to their theoretical plasmon resonance
at 518 nm [18]. This shift is due to a near-field plasmon
coupling between the irregularly arranged Au NPs.

The coincidence of the Au NPs’ plasmon resonance with
the PL enhancement for the Si NCs is a strong indication
for plasmon-enhanced luminescence [8,9]. For an emitter
coupled to the plasmon modes of a metal sphere, an enhanced
PL intensity is associated with increased recombination or
absorption rates. An increase in one or both of these rates
would result in a faster temporal response of the PL to a sudden
optical excitation [19]. However, we clearly observed a slower
response upon switching on the diode laser when gold NPs
are involved. The corresponding data is presented in Fig. 4. To
demonstrate the strong signal enhancement, we have plotted
in the main frame the measured signals in absolute intensities.
On the other hand, the slower response of the Si NCs on Au
NPs is best seen if the curves are normalized as shown in the
inset of the same figure.
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FIG. 5. (Color online) Photoluminescence decay curves at three

different emission wavelengths. For a clearer presentation, the starting
point of each curve has been shifted by 150 us towards larger times.

Similarly, decay measurements after pulsed excitation at
266 nm from a quadrupled Nd: YAG laser that we have carried
out at various wavelengths consistently reveal a slower decay
if the Si NCs are residing on Au NPs. These decay curves are
shown in Fig. 5 on a normalized scale and with shifted starting
points for a better visualization.

On the one hand, the spectral PL. enhancement presented in
Fig. 3(b) suggests an exciton-plasmon interplay between the
Si NCs and the Au NPs as the origin, but on the other hand,
the time-resolved measurements revealing a slower response
to switching the excitation laser on or off apparently are in
contradiction to a normal interaction [8—12]. Therefore, we
extended the model to include a bidirectional energy transfer
between exciton and plasmon.

A schematic representation of the model is given in Fig. 6.
The Si NCs in the ground state Sy with population n( absorb
the incoming laser light, are excited above the band gap
(HOMO-LUMO gap), and relax on a ps-time scale to the
lowest excited state S; [20]. As this relaxation is much faster
than the processes governing the PL time dependence we can
neglect it and may consider just a direct excitation from Sy to
S with an excitation rate ko;. The portion of Si NCs carrying
one exciton is n;. Since the utilized excitation laser irradiance

k21
k12
k01 k10
So
SiNCs Au NPs

FIG. 6. (Color online) Simplified diagram illustrating relevant
energy levels, populations, and transition rates. In the given example,
the exciton of the Si NC is in resonance with the plasmon of the Au
NP. For larger (smaller) Si NCs of our sample, the exciton energy
will be lower (higher) while the plasmon energy remains always the
same.
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is low and the nonradiative Auger recombination time is faster
than 1 ns [21,22], the existence of Si NCs with two and more
excitons can be neglected. The exciton recombination rate kg
1ncludes all radiative and nonradiative paths (subscripts “r”
and “nr,” respectively), i.e.,

km=k§+k$+k&+tﬁh=ﬁk$+k&+kﬁ, (1

where the superscripts Si and Au refer to the rates intrinsic
to the Si NCs and those induced by the presence of the Au
NPs, respectively. An increased optical mode density causes
an additional radiative deexcitation path (kf‘”) that can also be
described by the effective radiative rate enhancement f;. Due
to dissipation in and electronic energy transfer to Au NPs,
nonradiative deexcitation paths (kfr“) arise too. The bidirec-
tional energy transfer by dipole-dipole Coulomb interaction is
described by the transfer rates k|, and k,;. Direct excitation of
plasmons can be neglected, due to the nonresonant excitation
wavelength, and energy dissipation from the plasmonic state
S, is 1mphcltly included in knr , because k> and k»; are much
higher than k2", as our analysis will show.

The following system of state-filling equations gives a
mathematical description of our model:

ng = —noko1 + nikio,
ny = nokor — ny (ko + k12) + nakay, 2
ny = nikip — naka.
The excitation rate is given by ko; = fexcki, where k31 is the
excitation rate for Si NCs without Au NPs and the factor fec
describes the modification of the effective absorption cross
section by the presence of Au NPs.
For response (superscript “R’’) measurements upon switch-
ing on the excitation laser, all Si NCs are initially in their

ground state, and Eq. (2) can be solved analytically. The
solution can be written as

_ 1R _ IR
I§L(t) = ass(l — afe ke _ a?e kft), 3)
with the steady-state PL intensity

k rkSik
= Ng Ko fekThon @
kioka1 + koiki

and the relative intensities

1 kot
R R
R _ KR ke —kio — L e+ ki2) ), 5
a, 2kR < + ki — kig . (kt + 12)) (5a)
afR = ! kR kt + k]() + kOl (kt + k12) (Sb)
2kR k2

of a slow and a fast component (subscripts “s” and “f,”
respectively). The corresponding effective rates are

kS =
kf =

3 (kot + ko + ke — k), (6a)
5 (kou + k1o + ki + kiy) » (6b)
with the abbreviations

KR = V/(kot + kio + k0)? — 4lkiokar + kotk) ()

and k; for the sum of the transfer rates, k1, + k»;.
To determine the exciton recombination rate ki, quasi-
steady-state decay measurements were performed. The results
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FIG. 7. (Color online) Photoluminescence decay of Si NCs de-
posited on FS and on Au NPs at a wavelength of A = 710 nm. The
inset shows the lifetime distributions corresponding to the fits shown
as solid lines in the main frame. Note the fast component of the
bimodal lifetime distribution of Si NCs on Au NPs, which peaks
around 30 ns.

upon switching off the excitation laser obtained for Si NCs
on fused silica and on Au NPs are shown in Fig. 7. For
decay measurements, ko, is zero, and the solution of the set of
rate equations [Eq. (2)] with the steady-state signal as initial
condition becomes

I5 (1) = ag (aDe_kP’ + aDe_kP’). (8

For calculatmg the amplitudes (a and a; Dy and the rates (k
k?, and k2), Eqgs. (5)—(7) can be used when the superscript “R”
is replaced by “D” and kg set to zero.
The presented model describes how the response of a single
Si NC with PL lifetime 75 = 1/(kS!' + kS!) upon switching
on and off the excitation laser is modified by the presence
of the Au NP layer. However, the PL of a Si NC ensemble
exhibits a multiexponential decay behavior associated with a
lifetime distribution of nonvanishing width [23]. Therefore,
we first derived the PL lifetime distribution for the Si NCs
on FS emitting at a wavelength of A =710 nm from the
decay curve in Fig. 7. For this purpose, the measured gray
data points were fitted by applying the maximum entropy
algorithm developed by Skilling and Bryan [24] (see black
solid line in Fig. 7 and the resulting distribution with an
average time constant of 45 us in the inset therein). With
the quantum efficiency 73, the associated radiative and
nonradlatlve rates are specified by k> = np; /75 and kj =
nPL) / rPL, respectively. Knowing the PL lifetime, we can
utihze the response measurement for Si NCs on FS (gray data
points in Fig. 4) to determine the excitation rate ki, which
is the difference between the decay and response rates [19].
The fit to the measured data (black solid line in Fig. 4) yields
a value of 3.4 kHz for k§i. Now the model can be used for
every single PL lifetime, and the resulting lifetime distribution
for the Si NCs on Au NPs can be calculated for any specific
set of model parameters. As, besides the PL lifetimes, this
calculation also determines the corresponding intensities, the
decay and response curves for the Si NCs on Au NPs are
obtained on an absolute scale that represents the change in the
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TABLE 1. Model parameters with their values and confidence
intervals (CI).

Parameter Median 95% CI

fi 14.5 (13.1,17.0)
Sfexe 0.78 (0.38,0.91)
ki» (MHz) 26.0 (19.3,47.3)
k> (MHz) 7.8 (5.8,14.6)
kA (MHz) 0.0028 (0.0017,0.0063)
nEiL (%) 124 (5.8,14.2)

total PL intensity emitted at the given wavelength. The entire
procedure is implemented into a least square fitting routine
[25] that fits the model parameters ( f;, fexc, K12, k21, kﬁr“, and
npL) simultaneously to the decay and response measurements
for Si NCs on Au NPs on an absolute scale, taking into account
the full lifetime distribution derived for Si NCs on fused silica.

The free parameters together with their best-fit values and
95% confidence intervals, determined by bootstrap analysis,
are summarized in Table 1. The fits to the measured data on
Au NPs (in absolute intensities) are shown in Figs. 4 and 7 by
the red solid curves while the associated lifetime distributions
are presented in the inset of Fig. 7.

IV. DISCUSSION

At first, we would like to emphasize that the apparent shift
of the PL band observed in our experiment [see Fig. 3(a)] does
not result from a PL shift of the individual Si NCs. The degree
of PL enhancement depends on the energy difference between
the excited states of the Si NC (the exciton energy) and the Au
NP (the plasmon energy). At wavelengths larger than 780 nm,
even quenching is observed. The exciton energy of the Si NCs
varies over the entire emission band (with 1/, where A is the
emission wavelength). Thus Si NCs, which have an exciton
energy close to the plasmon resonance, experience a stronger
PL enhancement than those with an exciton energy farther
away from the plasmon resonance. Hence the overall effect of
the exciton-plasmon interaction on the PL band of the Si NCs
is an apparent shift to the blue.

For the proper interpretation of the results, it is important
to note that, for Si NCs on Au NPs, the PL rates measured
in the time domain are not only determined by kj¢ as it is the
case for Si NCs on FS. Instead, the population of S; probed
by these measurements is also affected by a bidirectional
energy exchange represented by the transition rates kj» and
k»1. The presence of Au NPs results in a faster transition rate
k1o because the radiative rate is increased by the factor f; due
to the higher optical mode density and because an additional
nonradiative deexcitation path kA" has been introduced [see
Eq. (1)]. In addition, S; is depleted by kj,. This causes an
initial acceleration of the PL process being described by the
fast component (k¢) with an average time constant of 29 ns.
However, this fast component only contributes with 0.5% to the
total PL intensity emitted at 710 nm. This is due to the facts that
k1> competes with ko and that S, is subsequently refilled with
the rate k»;. In summary, the interaction processes effectively
result in a retardation of the PL, which is characterized by the
slow component (k) with an average time constant of 66 us.

PHYSICAL REVIEW B 91, 125306 (2015)

100 £

-
- o
T

©
o
T

0.01F

Counts/(Sweep Binwidth) [10°®/us]

C 1 1 1
0 500 1000 1500 2000
Time Delay [us]

FIG. 8. (Color online) Simulated PL decay of Si NCs on Au NPs
at an emission wavelength of 710 nm. The coupling strength was
continually reduced by decreasing f;,, from one (unchanged coupling
strength) to zero (no energy transfer).

We attribute the fact that almost all earlier experiments did
not reveal any retardation of the PL to the special plasmonic
nanostructure utilized. Instead of relatively large Au nano-
structures whose plasmon resonance overlaps with the emis-
sion spectrum of the Si NCs, we used arrays of small agglom-
erated Au NPs that are coupled to each other due to their close
proximity and therefore have a redshifted plasmon resonance.
For such small spheres, the emitter-plasmon coupling is more
efficient than for larger structures. Moreover, the shift of the
resonance not only results in a better spectral overlap, but also
in a reduction of interband transitions, which are prominent in
Au NPs only below 600 nm [26].

To further illustrate the influence of the bidirectional energy
transfer on the characteristics of the PL decay (retardation vs
acceleration), we calculated the expected PL decay for weaker
couplings. For this purpose, we replaced the rates kj, and
ko1 by famki2 and fymkoi, respectively. The value of fim
was continually reduced from one (unchanged interaction) to
zero (no energy exchange), while all other parameter values
were kept unchanged. The results are presented in Fig. 8. It
is clearly seen that the PL decay rate gets faster if the energy
exchange is reduced, reaching its most extreme value when
there is no exchange at all. This is the situation in experiments,
where small Si NCs are coupled to large gold nanostructures.
Accordingly, in such experiments, the Si NCs on Au exhibit
faster decay than Si NCs without gold.

Deviation from the normal exciton-plasmon coupling has
already been observed for other nanosystems. Stronger interac-
tion mechanisms have been demonstrated, e.g., for the excitons
of CdSe NCs and surface plasmons of a thin Ag film by means
of reflection measurements [27] as well as for J-aggregate-Au
nanoshell complexes (gold nanoshells covered by an organic
semiconductor) via transient absorption spectroscopy [28]. To
explain their experimental observations, the authors invoked
a coherent coupling mechanism. Although the present rate
model describes our measurements very well, it does not
provide any evidence whether such coherent coupling is also
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FIG. 9. (Color online) Spectral dependence of the PL enhance-
ment for the given sample as a function of time after synthesis (given
in days). The inset shows the dependence of the PL enhancement on
the quantum efficiency 731 as predicted by the model. The gray area
is determined by the confidence intervals of the model parameters.

effective in our Si NC-Au NP system. Rigorous quantum
model calculations would be necessary to answer this question.

The presented model can be used to describe other relations,
like the dependence of the PL enhancement on the quantum
efficiency n5i. For Si NCs synthesized by laser-induced
pyrolysis, n5i is a function of the time the sample has aged
in air [2]. As a result of the progressive but self-terminating
passivation of dangling bonds due to oxidation, the PL
quantum efficiency continually increases before it goes into
saturation [29]. In Fig. 9, the curve displayed in light gray or
brown (denoted by 181), which is the same as the one presented
in Fig. 3(b), is compared to the enhancement spectra derived
from measurements on the same sample at earlier times. The
PL enhancement at a wavelength of A = 710 nm decreases
continuously within the observation interval. This behavior is
in agreement with the dependence of the PL enhancement on
the quantum efficiency as predicted by the model, which is
shown in the inset of Fig. 9. However, it should be pointed
out that, despite the reduction of the PL enhancement with
sample age, the absolute intensity emitted increases with time,
e.g., by more than a factor of 3 for the time period from 2
to 181 days. As a whole, the sample aging is accompanied
by a gradual reduction of the integral PL. enhancement and
a narrowing of the PL bandwidth. The decreasing effect on
the PL enhancement ascribed to the interaction with the gold
nanoparticles is consistent with the model of plasmon-induced
PL enhancement irrespective of whether bidirectional energy
transfer is considered or not.

Up to now, we have only discussed the effect of the
plasmon-exciton coupling on the temporal characteristics
(response and decay curves) of the PL emission at 710 nm,
where the maximum PL intensity ensured a high signal-to-
noise level (see Fig. 3). Nevertheless, additional response
and decay measurements were carried out at 650, 780, and
850 nm. The experimental data was subjected to the full
fitting procedure described before, yielding the complete set
of fit parameters (f;, fexes k12, ka1, kAU and npL) also as

nr °
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FIG. 10. Effective radiative rate enhancement, f;, and transfer
rates, k1, and ky;, as a function of the emission wavelength. The
curves are drawn to guide the eye.

a function of wavelength. The wavelength dependences of
the three most important parameters f;, ki;, and kp; are
presented in Fig. 10. The effective radiative rate enhancement
fr continuously decreases with increasing separation from
the plasmon resonance at 605 nm and is equal to 1 at large
separation (e.g., at 850 nm). This behavior is expected and also
observed for systems in which bidirectional energy transfer is
absent.

The rate for energy transfer from the Si NCs to the Au NPs,
k12, is governed by the availability of plasmonic states in the
Au NPs at energies equal to the exciton energies of the Si NCs.
As the density of plasmonic states decreases with increasing
wavelength separation between the Si NCs’ emission and
the maximum of the plasmon resonance, ki, diminishes with
increasing PL emission wavelength. The energy transfer rate
back to the Si NCs, kj;, is small and almost constant over
the entire wavelength range. This can be rationalized if one
considers that the density of states of the Si NCs at the band
gap edge is almost independent of the band gap size and thus
the emission wavelength.

As far as the other fit parameters are concerned, we
can summarize the following. The effective change of the
excitation rate, fexc, due to the presence of Au NPs is constant
and close to unity, which means that the Au NPs have no effect
on the excitation of the Si NCs. The rate for the nonradiative
deexcitation path k2" is found to be very small over the entire
wavelength range. Finally, as could be expected, the quantum
efficiency npp is not affected by the Au NPs. Moreover, the
wavelength dependence of npr, showing a maximum around
700 nm, is in good agreement with an earlier study of our
laboratory [7].

Finally, it should be emphasized that the strength of the
exciton-plasmon coupling depends on the separation between
the Si NC and the Au NP. With a layer thickness of 83 nm, we

125306-6



PHOTOLUMINESCENCE PROPERTIES OF SILICON ...

offer a large range of separations, which includes the optimum
separation. Therefore, the measured PL enhancement is the
result of an averaging over many separations. If the layer
were considerably thicker, the effect would be less pronounced
since the Si NCs being too far away would not contribute
to the enhancement. As our model does not explicitly take
into account the separation dependence it rather describes the
average effect of the exciton-plasmon coupling for our specific
layer thickness. However, it should be stressed that the Si
NCs having the optimum separation contribute most to the PL.
enhancement. The structural inhomogeneity within the Si NC
and Au NP layers is not considered as a disadvantage. Since
we average over a large number of configurations, we do not
favor a specific constellation, which could be particularly bad
or good.

V. CONCLUSIONS

In conjunction with the analysis, our experimental results
reveal that the PL properties of Si NCs on Au NPs are governed
by a bidirectional energy transfer between excitonic and
plasmonic states in addition to the normal exciton
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recombination rate enhancement. Such a mechanism may
also be effective in other exciton-plasmon systems, leading
to an enhancement of the PL intensity with a simultaneous
retardation of the PL emission. While all practical applications
benefit from the intensity enhancement, the increased PL
lifetime may be useful for solar cell design, in biomedicine,
for photochemical reactions, and for the realization of Si
NC-based lasers. Moreover, the concomitant shift of the
emission spectra into the visible may be advantageous for
various optoelectronic devices. To further exploit the detailed
coupling between Si NCs and Au NPs, the ideal study
would be an experiment, in which a single Si NC can be
moved with respect to a well-defined cluster of Au NPs with
a piezoelectric actuator. However, it should be considered
that, due to the slow radiative recombination of excitons in
indirect semiconductors, such an experiment will be extremely
difficult.
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