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Size dependence of photoluminescence quantum efficiency of Si nanocrystals
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The radiative recombination rate of excitons confined in Si nanocrystals was modified by placing a Au layer
nearby. Oscillation of the rate was observed when the distance between the active layer and the Au layer was
changed. By comparing the experimentally obtained oscillation behavior with a calculated one, the radiative
and nonradiative recombination rates, and also the internal quantum efficiency of excitons in Si nanocrystals
were estimated. The relation between the radiative rate and the luminescence wavelength was on a single curve
for all the samples studied. On the other hand, the nonradiative rate depended strongly on samples. For the
samples annealed at 1250 °C, the estimated quantum efficiency was close to 100% at longer wavelength side
of the luminescence bands, while the maximum quantum efficiency was 70% for the sample annealed at
1200 °C. The present results provide evidence that in Si nanocrystal assemblies, the majority of nanocrystals
in samples do not contribute to photoluminescence and a small part of nanocrystals luminesce with high
quantum efficiencies, and thus the total quantum efficiency is mainly determined by the number ratio of bright

and dark Si nanocrystals in the assembly.
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I. INTRODUCTION

Silicon nanocrystals (Si-nc’s) show strong visible and
near-infrared (NIR) photoluminescence (PL) at room tem-
perature due to the recombination of excitons confined in the
zero-dimensional quantum confined system.!~* The PL exter-
nal quantum efficiency is usually reported to be several
percent.””’ The internal quantum efficiency is estimated to be
about twice that of the external quantum efficiency in the
case of Si-nc’s embedded in SiO, thin films on Si substrates.’
If the substrate is SiO,, the light extraction efficiency is ex-
pected to be larger. The quantum efficiency has been esti-
mated experimentally for an assembly of Si-nc’s, and thus
those of individual Si-nc’s constructing the assembly are not
known. Two extreme scenarios are considered as to how the
experimentally obtained total quantum efficiency is deter-
mined. One scenario is that each nanocrystal constructing the
assembly has the same quantum efficiency. The other one is
that a small number of nanocrystals have large quantum ef-
ficiencies close to 100% and the majority of nanocrystals do
not contribute to PL, resulting in a rather low total quantum
efficiency. A scenario in-between two extreme cases is also
possible. Up to now, the second scenario has widely been
accepted, although the studies on this problem are very
limited.

Very recently, Kalkman et al.® and Walters et al.” demon-
strated that the radiative and nonradiative recombination
rates of excitons in Si-nc’s can be estimated independently
by studying the relation between the photonic mode density
(PMD) at the position of Si-nc’s assemblies and the PL decay
rates. They changed the PMD by simply controlling the dis-
tance between Si-nc’s and a Si substrate, and observed the
oscillation of the PL decay rates.” By comparing the oscilla-
tion behavior with the oscillation of a calculated PMD, they
estimated the radiative and nonradiative recombination rates,
and also the internal quantum efficiency. The obtained quan-
tum efficiencies were about 80% and were slightly depen-
dent on the wavelength. In this method, quantum efficiencies
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of Si-nc’s contributing to PL in an assembly are extracted.
The rather large quantum efficiency means that the second
scenario is in principle correct, although the quantum effi-
ciency of “bright” Si-nc’s is not 100%.

Although the work revealed important aspects of PL prop-
erties of Si-nc assemblies, there remain problems to be clari-
fied. The first one is the origin of nonradiative recombination
processes, which make the quantum efficiency of bright Si-
nc’s to be less than 100%. In their work, Si-nc samples were
prepared by an ion-implantation method. Similar samples
can be prepared by thermal annealing of SiO, films deposited
by CVD,!%!" sputtering,>!? or vacuum evaporation.'>!# It is
of great interest to compare the results with those obtained
for Si-nc samples prepared by other methods and to study
whether the values are common for Si-nc’s or specific for
their samples. Furthermore, the wavelength range studied
was rather limited and thus the emission wavelength depen-
dence of the radiative and nonradiative rates was not fully
clarified. Since almost all optical properties of Si-nc’s de-
pend strongly on the size, wavelength dependence of the
rates and also the quantum efficiencies should be studied in a
wider energy range starting from the band gap energy of bulk
Si crystals.

In this work, we prepare SiO, films containing Si-nc’s by
a co-sputtering method and study the radiative and nonradi-
ative recombination rates of Si-nc’s by applying the method
similar to that of Kalkman et al® and Walters et al® To
control the PMD, we deposit a Au layer on top of the
samples, and in between the Au layer and the active layer, a
SiO, spacer layer with the thickness of 0—550 nm is in-
serted. We prepare several samples under different conditions
to control the luminescence wavelength in a wide range. The
wide tunability of the luminescence maximum allows us to
estimate the rate and the quantum efficiency from
700 to 1100 nm, which is very close to the band gap energy
of bulk Si crystals. In addition, the effects of sample prepa-
ration conditions on these parameters are obtained. We will
show that the wavelength dependence of the radiative rates is
on a single curve for all the samples, while the nonradiative
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FIG. 1. PL decay curves of Si-nc’s detected at 1000 nm for
various spacer thicknesses (sample C). The data for the spacer
thickness of 0, 200, 300, 400, and 500 nm are shown. Inset: sche-
matic representation of the sample structure.

rates depend strongly on sample preparation conditions. We
also show that the quantum efficiency is always larger at
longer wavelength side.

II. EXPERIMENTAL DETAILS

The structure of samples studied is schematically illus-
trated in the inset of Fig. 1. SiO, films containing Si-nc’s
(Si-nc’s:Si0,) about 150 nm in thickness are deposited on a
Si0, substrate by the co-sputtering of Si and SiO,, and an-
nealed in N, gas atmosphere. Details of the procedure are
described in our previous papers.>!'? Samples with different
size distributions are prepared by controlling the concentra-
tion of excess Si and the annealing temperature.”> Sample
preparation conditions and average diameters of Si-nc’s are
summarized in Table I. After the growth of Si-nc’s by anneal-
ing, a SiO, film, which acts as a spacer between the active
layer and a Au layer, is deposited by sputtering. The thick-
ness of the spacer layer (d) is varied from 0 to 550 nm con-
tinuously by controlling a shutter during the sputtering. On
the spacer layer, a Au film 100 nm in thickness is deposited
by vacuum evaporation.

For the measurement of PL spectra and the decay curves,
samples are excited by 457.9 nm light of an optical paramet-
ric oscillator (OPO) excited by the third harmonic of a
neodium:yttritium-aluminum-garnet (Nd:YAG) laser through

TABLE I. Summary of sample preparation conditions. The av-
erage diameters are estimated from the PL peak wavelength versus
size relation obtained previously (Ref. 2).

Sample Si conc Annealing temp Estimated diameter
name (at. %) (°C) (nm)

A 36.5 3.6

B 38.6 1250 4.2

C 41.8 6.0

D 41.8 1200 52
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FIG. 2. PL decay rates of Si-nc’s as a function of spacer thick-
ness (closed circles) obtained at (a) 800 nm and (b) 1080 nm
(sample C). Solid curves represent the results of fitting.

the transparent fuzed quartz substrates. The power, the pulse
width, and the repetition frequency are 500 wJ/ cm?, 5 ns,
and 20 Hz, respectively. PL signals are collected from the
same side. PL spectra are recorded by using a single grating
monochromator and a liquid N, cooled InGaAs NIR diode
array or a Si charge coupled device. The spectral response
of the detection system is corrected with the aid of a refer-
ence spectrum of a standard tungsten lamp. For the time
response measurements, a NIR photomultiplier (5509-72,
Hamamatsu) and a multichannel scaler (SR430, Stanford
Research) are used. The overall time resolution of the system
is about 100 ns. To take the dependence of the PL decay
curves on the spacer thickness, samples are mounted on a
linear stage and the decay curves are measured by changing
the position, i.e., the spacer thickness. In each measurement
step, PL is collected from the range (Ax) of smaller than
100 wm on the surface of a sample (see the inset of Fig. 1).
This corresponds to the variation of the spacer thickness
(Ad) of less than 20 nm in each measurement step. All the
measurements are made at room temperature.

III. RESULTS AND DISCUSSION

Figure 1 shows PL decay curves detected at 1000 nm for
sample C in Table I. The spacer thickness is changed from
0 to 550 nm. We can see that the decay curves depend
strongly on the spacer thickness; as the spacer thickness in-
creases, the decay time lengthens and shortens. To estimate
the decay rate, the PL decay curves are fitted with a stretched
exponential function.! In Fig. 2, the decay rates obtained at
800 nm [2(a)] and 1080 nm [2(b)] are plotted as a function
of the spacer thickness (closed circles). Although the data are
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slightly scattered, clear oscillation of the rates can be seen. In
order to see whether or not the oscillation behavior depends
on the excitation photon energy, we performed similar mea-
surements by using longer wavelength light, i.e., 488, 510,
and 560 nm, as excitation sources. The results obtained were
nearly independent of the excitation photon energy.

To quantitatively analyze the oscillation behavior of the
PL decay rates, we calculate the normalized decay rates of
Si-nc’s [I'(d,\)] by the procedure reported previously,'6-!8
where A is the wavelength. In the calculation, emitters are
treated as an isotropic dipole positioned at a distance from
the metal or dielectric surface in an arbitrary medium. The
dipole 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 polariton modes or lossy surface wave modes in metal,
nonradiative energy transfer from the dipole to the modes
occurs, which results in the increase of the decay rate.®!8

For practical calculation the samples are modeled as a
four layer system as shown in the inset of Fig. 1.' To obtain
decay rates of an isotropic dipole, the calculated results are
averaged over polarization. Furthermore, since the actual
samples have a finite thickness, the decay rates of emitters
positioned at different depths are convoluted over the thick-
ness of the active layer (150 nm). The dielectric constants of
Au, Si, and SiO, are taken from Ref. 20, and that of the
active layer is estimated by the Bruggeman effective medium
theory.”! The dielectric constants of the active layer used for
the calculation for samples A, B, C, and D are 2.19, 2.28,
2.37, and 2.37, respectively. The dispersion of the dielectric
constant of Au is considered, while those of Si and SiO, are
not taken into account because they do not strongly affect the
calculated results in the wavelength range studied.

In the following, we estimate radiative [W,.(\)] and non-
radiative [W,,(\)] decay rates of Si-nc’s by the procedure
proposed by Kalkman et al.® and Walters et al.’ If the inter-
nal quantum efficiency of Si-nc’s is 100%, the spacer thick-
ness dependence of the decay rate obtained experimentally
[Wexp(d,N\)] is proportional to that of calculated normalized
decay rate [I'(d,N)]. On the other hand, if there are nonradi-
ative processes, it is not proportional to I'(d,\). Under the
assumption that the nonradiative rate is not modified by
PMD, the measured decay rate is expressed as?>~2>

Wexp(d’)\) = Wr()\) . F(d’)\) + Wnr()\) (1)

This equation means that the amplitude of the oscillation of
the decay rate with respect to the total rate becomes smaller
with increasing W, (\), i.e., with decreasing the quantum ef-
ficiency. By fitting Eq. (1) to experimental data, W,(\) and
W,(\) are obtained independently.

It is worth noting here that in actual samples light collec-
tion efficiency depends on the distance from the metal layer.
In the very short distance range (~10 nm) from the metal
layer, the collection efficiency is very small because of the
efficient nonradiative energy transfer from the emitter to the
lossy surface wave modes in the metal.® In this range, the
calculated decay rates are very large, but we do not observe
the large increase of the decay rate when the spacer thickness
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approaches zero. This is because PL arises mainly from the
lower part of the active layer (150 nm in thickness), where
the interaction with the lossy modes is negligible. In the
middle distance (~70 nm), the rate of the energy transfer
from the emitter to the surface plasmon polariton modes is
larger than the radiative rate,® and thus the collection effi-
ciency depends also on the distance from the metal, although
the dependency is much smaller than the short distance
range. In the distance larger than ~70 nm, the radiative re-
combination is the major recombination process, and thus the
distance dependence of the collection efficiency becomes
small. Therefore, in most of the spacer thickness range stud-
ied, the distance dependence of the collection efficiency is
considered to be very small and thus does not significantly
affect the values of W,(\) and W,(\) estimated by the fitting
procedure.

In Fig. 2, the results of the fitting (solid curves) are shown
for two different detection wavelengths for sample C. Al-
though the data are scattered, the agreement is satisfactory.
The values of W,(\) and W,(\) obtained by the fittings are
given in the figures. To discuss the wavelength dependence
of the decay rates we performed the fitting procedure for all
the samples at different wavelengths. In Fig. 3(a) the esti-
mated radiative decay rates are plotted as a function of the
wavelength for sample A (closed squares), B (closed circles),
C (triangles), and D (inverted triangles). We can see that all
the data obtained for four samples prepared under different
conditions are on a single curve. The coincidence of the ra-
diative decay rates for all the samples in a wide wavelength
range supports the validity of the present procedure. Further-
more, the coincidence implies that the radiative rate is deter-
mined only by the size of nanocrystals and is immune to the
difference in the local structures arising from different
sample preparation conditions. The radiative rate increases as
the emission wavelength decreases, i.e., as the size becomes
smaller. This is mainly due to larger overlap of electron and
hole wave functions in the momentum space by the quantum
confinement effect.?®

In Eq. (1), the nonradiative rate is assumed not to be
modified by PMD. If the nonradiative rate is modified by
PMD, the experimentally obtained oscillation would not be
fitted by Eq. (1). Even if the fitting is possible accidentally,
the values of W, and W, may not be correct, and W, would
not be on a sample-independent single curve. Therefore, the
coincidence of the estimated radiative rates for all the
samples [Fig. 3(a)] is evidence that the assumption is appro-
priate.

In contrast to the radiative rate, the nonradiative rate de-
pends strongly on samples. In Fig. 3(b), wavelength depen-
dence of the nonradiative decay rates is plotted. Although all
the data show similar wavelength dependence, i.e., the non-
radiative rate increases as the wavelength becomes shorter,
the values are strongly dependent on samples. The nonradi-
ative rate is larger for samples with higher excess Si concen-
tration and annealed at lower temperatures.

In Fig. 3(c), the internal quantum efficiencies
[p=W./(W.+W,)] are plotted as a function of the wave-
length. Because of the strong sample dependence of the non-
radiative rate, the quantum efficiency also depends strongly
on samples. If we compare the quantum efficiency at the
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FIG. 3. (Color online) (a) Radiative decay rates, (b) nonradiative
decay rates, and (c) PL quantum efficiencies of samples A (closed
squares), B (closed circles), C (triangles), and D (inverted triangles)
as a function of wavelength. (d) PL spectra of samples A (solid
curve), B (dashed curve), C (dashed-dotted curve), and D (dotted
curve).

same wavelength, it is larger for the samples containing
smaller amounts of excess Si and annealed at higher tem-
peratures. For all the samples, the quantum efficiency is
larger at longer wavelength, i.e., for larger nanocrystals in
size distribution. For the samples annealed at 1250 °C
(samples A, B, and C), the quantum efficiency is close to
100%, while that annealed at 1200 °C (sample D), the maxi-
mum efficiency is about 70%.

The quantum efficiencies estimated in this work are ap-
parently larger than the total quantum efficiency of Si-nc
assemblies reported previously (external quantum efficiency
~ several percent,”” internal quantum efficiency <10%’).
This discrepancy implies that there are a lot of Si-nc’s which
do not contribute to PL. In Fig. 3(c), at the larger side of the
size distribution of samples A, B, and C, the quantum effi-
ciency is close to 100%. Therefore, in these samples at the
larger side of the size distribution, Si-nc’s can be classified
into two categories; “bright” Si-nc’s with the quantum effi-
ciency of 100% and “dark” Si-nc’s with that of 0%. In dark
Si-nc’s, the rate of nonradiative recombination processes is
much larger than the radiative rate and thus these Si-nc’s do
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not contribute to PL at all. The total quantum efficiency is
determined simply by the number ratio of the bright and dark
Si nanocrystals. At the smaller side of the size distribution of
samples A, B and C, and in the whole size distribution range
of sample D, the quantum efficiency of bright nanocrystals is
less than 100%. Quantum efficiency smaller than 100% im-
plies that in addition to very efficient nonradiative processes,
which completely kill PL of a nanocrystal, relatively slow
nonradiative recombination processes, the rate of which is
comparable to the radiative rate, exist in these Si-nc’s.

It is possible that defects at or near Si-SiO, interfaces are
responsible for the slow nonradiative process, although mi-
croscopic structures of the defects are not identified. The
other possible origin of the slow nonradiative process is the
Forster type energy transfer from small to large
nanocrystals.'” The probability of this process is larger for
smaller nanocrystals in size distribution because of larger
probability of finding nanocrystals with smaller band gap
energies nearby. Therefore, the nonradiative rate is larger for
smaller nanocrystals, i.e., at the shorter wavelength side of
PL bands. This is consistent with the results in Fig. 3(b). In
Fig. 3(b), the nonradiative rates are larger for the samples
containing larger amount of excess Si. This can also be ex-
plained by the model because the increase in the amount of
Si results in the decrease in the average separation between
Si-nc’s and larger rates of the Forster process. However, this
model is not enough to explain all the data. If only this
process is the origin of the slow nonradiative process, the
quantum efficiency should always reach 100% at the lower
energy side of the PL band. However, as can be seen in Fig.
3(c), for the sample annealed at 1200 °C it is saturated at
70%. Therefore, some different processes are considered to
be responsible for the slow nonradiative process.

Recently, there has been a controversy whether or not the
rate of Forster type energy transfer is modified by PMD.
Dood et al. demonstrated that energy transfer between Er
ions in glasses is not modified by PMD,> while Barnes
showed that energy transfer between different kinds of mol-
ecules is modified.?’ In our previous work,!® we showed that
the rate of energy transfer from Si-nc’s to Er ions is modified
by PMD, although the mechanism of the energy transfer was
not clarified. As discussed above, the present results strongly
suggest that nonradiative rates in Si-nc’s are not modified by
PMD. Therefore, if the slow nonradiative process is (at least
partly) due to the Forster energy transfer between nanocrys-
tals, the present result provides the evidence that the energy
transfer rate is not modified by PMD. However, at present
we have no definite evidence of energy transfer between
nanocrystals, and thus cannot conclude definitely.

It is worth noting that the higher quantum efficiency of
individual nanocrystals comprising the samples does not al-
ways result in the higher total quantum efficiency of the
sample. In Fig. 3(d), the PL intensity is the largest for sample
D in a wide wavelength range, despite the lower quantum
efficiency of bright nanocrystals in sample D (<70%) than
those in other samples. This supports the above conclusion
that the main factor which determines the total quantum ef-
ficiency of samples is not a quantum efficiency of individual
nanocrystals but the number of bright nanocrystals.
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IV. CONCLUSION

Radiative and nonradiative recombination rates of exci-
tons confined in Si nanocrystals are estimated independently.
It is found that the radiative rates obtained for four samples
prepared under different conditions agree very well and are
on a single radiative-rate versus wavelength curve. This re-
sult implies that the radiative recombination rate of excitons
in oxygen terminated Si-nc’s is determined only by the size
of Si-nc’s and is immune to sample preparation conditions. It
is of great interest to compare the present results with the
radiative rate of hydrogen terminated Si-nc’s.

In contrast to the radiative rate, the nonradiative rate de-
pends strongly on sample preparation conditions. The nonra-
diative rate is smaller for the samples annealed at higher
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temperatures and containing smaller amount of excess Si.
For the samples annealed at 1250 °C, the estimated internal
quantum efficiency is close to 100% at longer wavelength
side of the PL bands, while it is saturated at 70% for that
annealed at 1200 °C. The high quantum efficiency obtained
indicates that, in Si nanocrystal assemblies, the majority of
nanocrystals in samples do not contribute to PL and a small
number of nanocrystals luminesce with a high quantum effi-
ciency, resulting in a rather small total quantum efficiency.
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