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Abstract

Si nanocrystals embedded in SiO2 doped with P and Au at concentrations in the range of 1� 1018–3� 1020 cm�3

exhibit photoluminescence quenching. Upon increasing the Au concentration, a gradual decrease in nanocrystal

photoluminescence intensity is observed. Using a statistical model for luminescence quenching, we derive a typical

radius of �3 nm for nanocrystals luminescing around 800 nm. Au doping also leads to a luminescence lifetime

reduction, which is attributed to energy transfer between adjacent Si nanocrystals, possibly mediated by the presence of

Au in the form of ions or nanocrystals. Doping with P at concentrations up to 3� 1019 cm�3 leads to a luminescence

enhancement, most likely due to passivation of the nanocrystal–SiO2 interfaces. Upon further P doping the nanocrystal

luminescence gradually decreases, with little change in luminescence lifetime.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decade, a large amount of
research was devoted to the creation of alternative
e front matter r 2005 Elsevier B.V. All rights reserve

min.2004.12.014

ng author. Tel.: +3120 608 1234;

4106.

ss: a.tchebotareva@amolf.nl

reva).
methods of obtaining an efficient light source
based on silicon. It was found that Si quantum
dots emit light at visible and near-infrared
wavelengths. This luminescence was first observed
in porous silicon [1,2], a material that consists
of a sponge-like network of partially oxidised
small Si crystallites. After this discovery, many
alternative methods, including ion implantation of
Si into SiO2 [3–6] and sputter deposition of Si-rich
d.
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SiO2 [7–10], were developed to create Si nanocrys-
tals embedded in SiO2. These systems allow the
effects of the complex nanostructure and of
ambient effects on surface passivation to be
eliminated. Independent experiments on samples
prepared by different methods demonstrated that
the broad-band emission from Si quantum dots at
red to near-IR wavelengths (l4650 nm) are due to
a quantum confinement effect [4,5,11,12]. For
ensemble measurements on these indirect band
gap semiconductor quantum dots, the large
spectral width (4100 nm) typically observed for
emission is due to both inhomogeneous broad-
ening and homogeneous broadening [13]. Despite
a large amount of work on the optical character-
ization of Si nanocrystals, the exact relation
between size and emission energy remains un-
known. This is first of all due to the fact that
optical measurements are most often performed on
ensembles of nanocrystals with a broad size
distribution. The size distribution of such samples
can be analyzed by transmission electron micro-
scopy (TEM). However, due to the low contrast of
electron densities in Si and SiO2, TEM analysis
can give only a rough estimate of the diameter of
the studied Si nanocrystals. This makes size
measurements of nanocrystals inaccurate. Further-
more, the total size distribution of nanocrystals
estimated by TEM does not provide any informa-
tion about the size distribution of optically active

nanocrystals. This quantity depends critically on
sample preparation conditions such as annealing
and passivation treatment.
One way to address the relation between size

and emission energy is to begin with a fixed
reference sample and then change the size dis-
tribution of optically active nanocrystals in a
controlled way. By comparing photoluminescence
(PL) spectra for different distributions of optically
active nanocrystals, one can acquire information
regarding the relation between size and emission
energy of optically active nanocrystals. To do so,
we dope an ensemble of optically active nanocrys-
tals with luminescence quenching ions, each of
which could quench the luminescence of a single
nanocrystal. For this purpose, we choose gold,
which is known to produce an efficient deep
recombination trap state in crystalline silicon
[14]. Assuming that Au atoms produce a similar
deep trap in nanocrystals, one would expect the
luminescence from Si nanocrystals to be quenched
by Au doping. Another scheme to quench Si
nanocrystal luminescence, but in a different way,
uses the introduction of dopants such as phos-
phorous. In bulk Si, the donor ionization energy
level of P is situated close to the conduction band.
Hence at room temperature, P provides a free
electron in Si, leading to its well-known doping
effect. In an analogous way, P atoms located inside
a Si nanocrystal can provide an extra electron.
This carrier would quench the PL by the annihila-
tion of an optically generated exciton through
Auger recombination [15,16].
The aim of this study is to investigate the

quenching effect of both Au and P atoms on the
PL of Si nanocrystals. We introduce a uniform
distribution of each quencher throughout SiO2

films containing Si nanocrystals produced by ion
implantation. We use a statistical model to
describe the probability that a nanocrystal will
contain a quencher, assuming that it depends only
on the quencher concentration and the nanocrystal
size. We find that the PL can indeed be quenched
in a controlled way, with strikingly different effects
for Au-doped and P-doped samples. The experi-
mental data cannot be fully described by the
statistical model, indicating that homogeneous
broadening and interactions between Si nanocrys-
tals may need to be taken into account.
2. Model

The optical emission of Si nanocrystals under
optical pumping occurs via a series of processes.
First, an electron is excited from the valence band
to one of the higher-lying electronic levels in the
conduction band of the nanocrystal, leaving a hole
behind. Subsequently, on a time scale faster than a
picosecond, the electron and hole relax to their
minimum energy states to form an exciton bound
inside the Si nanocrystal. The exciton recombines
on a time scale varying from tens of microseconds
at 300K to several milliseconds at 10K [17]. This
recombination is accompanied by the emission of a
photon with an energy characteristic of the
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Fig. 1. Calculated probability that a spherical nanocrystal will

contain no dopants (i.e., that it will remain optically active) as a

function of the nanocrystal’s radius. Data are shown for

quencher concentrations of 3� 1017, 3� 1018 and 3� 1019 at/

cm3.
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excitonic state. At present, the nature of the
excitonic state is unknown. It may be centered in
the nanocrystals (the ‘‘classical’’ model for exciton
recombination in semiconductor quantum dots),
or alternatively, it could be bound at a localized
surface state [18]. In both cases the exciton wave
function not only entirely overlaps with the Si
nanocrystal, but also penetrates into the surround-
ing SiO2 matrix (the exciton Bohr radius in bulk Si
is �5 nm).
Controlled size-dependent quenching may be

achieved by doping the nanocrystals with atoms or
ions, using dopants such as Au or P, assuming that
these dopants lead to recombination paths with
rates faster than the excitonic decay rate. Since a P
atom inside SiO2 acts as a network modifier and
does not provide free electrons, the dopant has to
be incorporated in the nanocrystal itself in order to
be effective. When a uniform concentration of
dopants is introduced into a sample containing
nanocrystals, the probability of doping a nano-
crystal depends on the dopant concentration and
the size of the nanocrystal. The probability that a
nanocrystal with a volume Vnc will contain k

dopants in the presence of a uniform concentra-
tion of dopants n, is given by the Poissonian
distribution:

PðkÞ ¼
e�VncnðVncnÞ

k

k!
. (1)

Assuming that a single dopant inside a nanocrystal
completely quenches all the PL emission of that
nanocrystal, all nanocrystals containing at least
one dopant will not emit light. Hence, the
probability that a nanocrystal will be optically
active in a sample with dopants is given by the
probability of having no dopants inside this
nanocrystal:

Pðk ¼ 0Þ ¼ e�Vncn. (2)

This probability calculated for spherically shaped
nanocrystals is plotted in Fig. 1 as a function of
nanocrystal radius for different dopant concentra-
tions ranging from 3� 1017 to 3� 1019 at/cm3.
This graph demonstrates that at a given dopant
concentration, larger nanocrystals (long-wave-
length side of emission spectrum) are doped and
hence should be optically inactive, while most of
the smaller ones (short-wavelength side of emis-
sion spectrum) remain undoped so that this
majority can still emit light. Hence, it is expected
that doping of Si nanocrystals with quenchers will
cause a decrease in intensity combined with an
overall blue shift of the PL emission spectrum. By
varying the concentration of quenchers, it would
then be possible to tailor the size distribution of
optically active nanocrystals and to relate the PL
emission wavelength directly to nanocrystal size.
Note that the analysis described in this section is
independent of the number density of Si nano-
crystals in the SiO2 matrix.
3. Experimental

50-keV Si ions were implanted into a 100-nm-
thick thermally grown SiO2 layer on Si(1 0 0) to a
total fluence of 5� 1016 Si/cm2, thus forming a
supersaturated solution of Si in SiO2. After this, Si
nanocrystals were formed by thermal annealing of
the samples at 1100 1C for 10min in an Ar flow
[4,12]. After annealing, either Au or P dopants
were introduced uniformly into the SiO2 layer by a
series of ion implantations. The energies and
fluences for each implantation were chosen so as
to yield to a uniform concentration profile. Ions of
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Fig. 2. Room temperature PL spectra of Si nanocrystal doped
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both kinds were implanted at five different
energies, which ranged from 12 to 277 keV for
Au, and from 5 to 65 keV for P. Samples contain-
ing six different Au or P concentrations between
1� 1018 and 3� 1020 atoms/cm3 (0.0015–0.45 at%)
were prepared. Subsequent annealing for 10min at
800 1C in a (92% N2+8% H2) flow was performed
in order to passivate the Si nanocrystals and to
suppress luminescence from defects produced
during the ion implantation process [3].
The optical properties of samples were studied

by PL. The samples were excited using the l ¼

488 nm line of an Ar-ion laser, modulated on–off
at a frequency of 149Hz using an acousto-optical
modulator. The luminescence from the samples
was collected by a 15 cm focal length lens and
focused on the entrance slits of a 48 cm mono-
chromator. A photomultiplier tube in combination
with a lock-in amplifier was used to record the PL
spectra, while a photon counting technique was
used to record lifetime traces of the nanocrystals at
a fixed wavelength. The time resolution of the
setup was o300 ns, limited by the acousto-optical
modulator.
SiO2 films doped with different concentrations of Au atoms.

Pump wavelength l ¼ 488nm: The arrows indicate the posi-

tions of the maxima of the measured spectra.
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Fig. 3. Room temperature PL decay traces of Si nanocrystal

doped SiO2 films doped with different concentrations of Au

atoms. The 488-nm pump was switched off at t ¼ 0: A reference

trace (no Au doping) is also shown. The dotted line indicates

the 1/e value.
4. Results and discussion

4.1. Doping of Si nanocrystals with Au

Room-temperature PL spectra of samples with
different concentrations of Au atoms are shown
in Fig. 2 along with the spectrum of a sample
without dopants. A significant decrease of the
PL intensity at all wavelengths is observed as
the Au concentration increases above 1� 1018

atoms/cm3, with an almost complete quenching
of the nanocrystal emission at the highest Au
concentration (3� 1019 cm�3). Fig. 3 shows
PL decay curves measured at the peak PL emission
wavelength (l ¼ 800 nm) for the undoped and
Au-doped samples. These data are well descri-
bed by a stretched exponential function, I ¼

I0 exp½�ðt=tÞb�; with I0 being the steady-state PL
intensity at the moment of switching the pump
laser off. The PL of the undoped sample shows a
decay time of t ¼ 53 ms and b 	 0:7: These values
are similar to those found in previous studies of Si
nanocrystals made by ion implantation [4,12]. For
increasing Au concentration inside the SiO2 layer,
the lifetime t gradually decreases from �53 ms for
the undoped sample to �7 ms for the sample
containing 3� 1019 Au/cm3. Besides inducing
changes in lifetime, the presence of Au also induces
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a slight blue shift of the emitted PL for the highest
Au concentration (peak PL wavelengths are
indicated with arrows in Fig. 2). This blue shift is
consistent with the preferential doping of large Si
nanocrystals described in Section 2, resulting in
quenching of their PL emission, i.e., of the long-
wavelength part of the PL spectrum, but is much
smaller than expected based on the simple model
as will be discussed below.
The change in lifetime demonstrated by Fig. 3 is

not anticipated by the statistical model introduced
in Section 2. This model assumes that a doped
nanocrystal is fully optically inactive and thus does
not contribute to the detected PL signal. One
possible explanation for the observed decrease in
lifetime may be the effect of coupling (energy
transfer) between the densely packed nanocrystals.
In this case, a quenched nanocrystal would also
affect the lifetime of neighboring nanocrystals,
leading to a reduction (but not full quenching) of
the latter. Coupling between Si nanocrystals has
been previously observed in experiments where the
nanocrystal density was varied, and the stretched
exponential decay behavior is thought to be a
signature of such interaction [12].
The lifetime reduction with increasing Au

concentration in Fig. 3 is due to an increase in
non-radiative decay rate and is at least partially
responsible for the decrease in the PL intensity in
Fig. 2. The PL from the nanocrystals is directly
proportional to the number of nanocrystals in the
excited state times the radiative rate (1=t
d) of the
excited state. The radiative lifetime t
d is an
intrinsic property of the nanocrystal and is
expected to be independent of the concentration
of dopants. The excited state population n1 can be
deduced from a rate equation model that treats
each nanocrystal as an effective two-level system.
Under steady-state conditions (continuous wave
pumping) this leads to

dn1

dt
¼ W ðn � n1Þ �

n1

t
¼ 0,

where n is the total number of nanocrystals, t is the
total lifetime of the excited state, and W is the
pump rate from the ground to excited state. In
the low pump power limit (Woo1=t), the excited
state population is given by n1 ¼ Wnt: The PL
intensity is thus proportional to Wnt=t
d: Conse-
quently, the product of PL intensity and measured
decay rate (1=t) is a measure of the number of
optically active nanocrystals n.
Fig. 4 shows this product of the PL intensity and

decay rate (1=t) at 800 nm as a function of the Au
concentration. As can be seen, except for a small
initial increase for the lowest Au concentration,
the total density of optically active nanocrystals
decreases with increasing Au concentration. This
proves that Au is an effective quencher of excited
nanocrystals.
It was previously demonstrated that defects/

damage resulting from ion implantation can
render nanocrystals optically inactive [19]. In order
to verify that the observed quenching effect is
induced by the implanted Au ions and is not due to
residual damage from the ion implantation pro-
cess, a number of samples containing Si nanocrys-
tals were implanted with 2MeV Xe ions at various
fluences. The projected range of the Xe ions was
larger than the thickness of the SiO2 layer, and the
implantation fluences were chosen in such a way
that the resulting damage (i.e., the average number
of atomic displacements per Xe ion) in the SiO2

layer was comparable to or higher than the
damage produced by the Au implantations. PL
measurements on Xe-implanted samples (not
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shown) demonstrated that, for a Xe implantation
of 3� 1015 at/cm2 causing similar damage as in the
sample with 3� 1019Au/cm3, the intensity de-
creased by less than 50%, while the lifetime
remained constant. As the sample doped with
3� 1019Au/cm3 showed almost no luminescence,
the observed reduction in the number of optically
active nanocrystals in Au-doped samples is a true
effect of the presence of Au. The decreasing trend
in Fig. 4 can now be compared with the statistical
model of Fig. 1. By fitting these data to Eq. (2)
(which describes the probability that a nanocrystal
will be optically active), one can estimate the
effective radius of nanocrystals emitting light at
l ¼ 800 nm to be r 	 3 nm: This number is some-
what larger than the typical radius of 1.0–2.5 nm
measured using high-resolution TEM on Si
nanocrystals prepared in a similar way as de-
scribed here [20]. This again is consistent with the
notion that interaction between nanocrystals takes
place, as this would cause the effective radius of
quenched nanocrystals to be larger than their
physical radius. The blue shift observed in Fig. 2
upon increased Au doping is much smaller than
what would be expected according to the simple
model in Section 2. This may be the result of both
interaction between nanocrystals and homoge-
neous broadening [13].
The statistical model explains qualitatively the

observed decrease of IPL=t and the blue shift of the
PL spectrum in presence of high concentrations of
Au dopants, but it does not provide a complete
description of mechanisms responsible for the
change of emission properties induced by doping
with Au. Therefore, the present data are not
sufficient to directly relate the emission wavelength
to the size of a nanocrystal. To achieve this,
further experiments should be carried out on
samples with lower nanocrystal density to exclude
interaction between nanocrystals.

4.2. Doping of Si nanocrystals with P atoms

Fig. 5 shows the measured PL spectra for P-
doped samples. PL decay measurements taken at
the peak of the PL spectrum (l ¼ 800 nm) are
plotted in Fig. 6. The effect of P doping on
nanocrystal PL differs significantly from that of
Au doping. Indeed, the PL measurements show
that the luminescence intensity exhibits an overall
increase for low P concentrations (up to
1� 1019 cm�3) (Fig. 5). When the concentration
of P is increased further, the PL intensity decreases
significantly, to a value of 56% relative to the
intensity of the undoped sample. At the same time,
the lifetime remains almost unchanged for all P
concentrations (Fig. 6). This allows for a direct
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interpretation of the PL intensity data without
correcting for a change in lifetime. A slight
decrease in lifetime is observed only for the sample
with the highest P concentration (3� 1020 cm�3).
The increase in PL intensity at low P concentra-

tions may be related to the passivation of
previously non-passivated Si nanocrystals. Such
an effect of P has been observed earlier by Fujii et
al. [21]. The initial anneal in hydrogen-containing
atmosphere (92% N2+8% H2) may lead to only a
partial passivation of all nanocrystals, leaving a
certain fraction of them optically inactive. In such
a case, passivation of Si nanocrystals by P atoms
would lead to an increase in the number density of
luminescent nanocrystals.
Figs. 2–5 demonstrate that the PL intensity of a

sample doped with phosphorous is considerably
higher than that of a sample containing the same
concentration of Au atoms. This indicates that
though for samples doped with P to sufficiently
high concentrations the luminescence is quenched,
the mechanism of this quenching differs from the
one occurring in Au-doped samples. For a dopant
concentration of 3� 1019 cm�3, the average num-
ber of dopants inside a nanocrystal of radius 3 nm,
calculated using the Poisson distribution of
Eq. (1), is four. At this dopant concentration, no
PL was detected from the Au-doped sample, while
the PL intensity of P-doped sample was still
appreciable (see Fig. 5). The decrease in PL
intensity, and hence the decrease in number of
luminescent nanocrystals for the higher P concen-
trations, may be attributed to Auger recombina-
tion due to presence of P inside Si nanocrystals
[16]. The Auger recombination process is much
less efficient for a bound electron than for a free
electron because the wavefunction of the latter
inside a nanocrystal overlaps more with the
wavefunction of the exciton. Hence, the efficiency
of Auger recombination would be highest if all P
atoms inside nanocrystals were ionized. The lower
quench rate of P compared to Au could then be a
result of the fact that the P dopants are only
partially ionized at room temperature. Indeed,
since realistic values for the ionization energy lie in
the 10–100meV range, this is the case.
Finally, we observed an initial blue shift of the

PL, followed by a red shift in the samples doped
with increasing P concentration. The initial blue
shift may be attributed to a more effective
passivation of nanocrystals close to the Si/SiO2

interface by P atoms. These nanocrystals are
initially less well passivated as the passivation is
limited by diffusion of hydrogen from the surface
during the forming gas anneal. It is known that
these nanocrystals are smaller than average [20].
Hence, passivation of these small Si nanocrystals
leads to an overall blue shift of the PL. The red
shift observed at high P concentrations may be
caused by the effect of P as a network modifier in
SiO2. For high P concentrations, the forming gas
anneal may also lead to an increase of the average
nanocrystal size causing a redshift of the PL
spectrum. The presence of carriers causes the
decrease in PL intensity and a blue shift. The
overall shift depends on the relative contribution
of the three processes (i.e. passivation, Auger
recombination, and network modification of SiO2)
and is difficult to predict. This situation is
distinctly different from Au-doped samples, as
Au does not passivate nanocrystals, nor does it act
as a network modifier in SiO2.
Consequently, the statistical quenching model

presented in Section 2 is too simple to fully
describe the data. Contrary to the case of Au-
doped samples, no significant lifetime change upon
the increase of P concentration was observed.
Assuming that the decrease in lifetime and
stretched exponential behavior due to Au doping
is related to interaction and energy transfer
between nanocrystals, this would suggest that the
presence of Au enhances energy transfer. This is
not an unreasonable assumption, as Au related
defects states in the silica glass or Au nanoparticles
that may form by the annealing process may
mediate the energy transfer. More work is required
to further test this hypothesis, but if proven true,
Au doping would provide an interesting way to
modify and manipulate nanoscale energy transfer
between Si quantum dots.
5. Conclusions

The controlled doping of Si nanocrystals em-
bedded in SiO2 with Au or P ions leads to
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quenching of the PL intensity in two distinct ways.
Gold quenches the Si nanocrystal PL at a
characteristic concentration of 2� 1019 cm�3.
Comparing the measured data with a statistical
model which assumes that nanocrystal PL is fully
quenched by recombination at a single Au-related
trap, we estimate the effective radius of Si
nanocrystals emitting at 800 nm to be �3 nm. This
value is somewhat larger than that found in
electron microscopy, which is attributed to inter-
action (energy transfer) between nanocrystals,
leading to an enhanced ‘‘quench radius’’.
Doping Si nanocrystals with P first leads to an

increased PL intensity (attributed to surface
passivation), followed by a progressive decrease
in PL intensity upon increased P doping. Com-
pared to Au, a much higher fluence of P is needed
to quench the PL. The quenching effect of P may
be related to Auger quenching due to carriers from
partially ionized P donors inside nanocrystals. We
also find that doping with Au leads to a reduction
in PL lifetime, while doping with P does not. This
may indicate that Au, either in the form of ions or
nanocrystals, may mediate and enhance energy
transfer between Si nanocrystals.
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