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Abstract. In this review, recent results on optical spectroscopy on silicon nanopar-
ticles are summarized. We will demonstrate the quantum size effect observed in the
photoluminescence for nanoparticles with diameters below 10 nm. Moreover, the ex-
citonic fine structure splitting caused by the exchange interaction is investigated us-
ing time-resolved and magnetic-field-dependent photoluminescence measurements.
From these results, it is possible to estimate the rate of non-radiative recombina-
tions in these nanoparticles, which allows to determine the oscillator strength and
the quantum yield independently.

1 Introduction

Silicon has in the past been the most important material for modern micro-
electronics. In the last two decades, however, interest in nanostructured silicon
has increased significantly. This development is on the one hand triggered by
the ongoing miniaturization of silicon based integrated circuits for electronic
applications, where critical dimensions C'D < 100 nm can be reached in large
scale production processes. On the other hand, the finding of photolumines-
cence in porous silicon [1] has sparked the hope for silicon as a material also
for optoelectronic applications. Until today, photoluminescence from nanos-
tructured silicon could be demonstrated not only from porous silicon, but
also silicon nanocrystals formed in an SiO5 matrix by implantation of Si ions
and subsequent annealing [2-4] and isolated silicon nanoparticles [5-8]. Re-
cently, in silicon nanocrystal based devices amplified stimulated emission [9]
and field-injection based electroluminescence [10] could be demonstrated.

As an important prerequesite for optoelectronic device applications, one
needs to have detailed knowledge of the recombination dynamics. In the case of
silicon nanoparticles, this is of special importance, as bulk silicon is an indirect
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semiconductor and only shows vanishing near band-edge photoluminescen-
cence. In this paper, we will review results obtained on the size-dependence of
the photoluminescence, the recombination dynamics, which can be explained
using the excitonic fine structure, and on the oscillator strength of the radia-
tive recombinations in these systems.

2 Experimental details

All the results presented here have been obtained using Si nanoparticles fab-
ricated in a low-pressure microwave plasma using silane (SiHy) as a precursor
gas. Details of the fabrication process can be found in [11]. The photolumi-
nescence measurements have been performed under excitation from a 532 nm
laser in continuous operation in a confocal photoluminescence setup using a
Czerny-Turner monochromator and a liquid-nitrogen-cooled charge-coupled
device. For the time-resolved photoluminescence measurements, an acousto-
optical modulator in combination with an avalanche photodiode was used.
The time resolution of this setup is in the range of 4 ns.

3 Results and discussion

In Fig. 1, the room temperature photoluminescence of a bulk silicon sample
and silicon nanoparticles with d ~ 4.5 nm are shown. From these spectra, one
can make the following observations: First, the photoluminescence emission
from the bulk silicon sample is significantly sharper than the emission from
the silicon nanoparticle sample. The full width of half maximum (FWHM)
of the Si bulk sample is AE ~ 120meV, while the Si nanoparticles show a
FWHM of about AE ~ 400 meV. This spectral broadening is caused by the
size distribution of the silicon nanoparticles, which is intrinsic to the fab-
rication procedure [11]. The second noteworthy fact is the spectral shift in
the Si nanoparticle emission towards higher energies compared to the Si bulk
sample. This is a consequence of the quantum size effect typically observed
in nanocrystalline Si samples. The final observation is related to the pho-
toluminescence intensity. Taking into account the spectral response of the
different detectors and the influence of the other optical components (instru-
ment function) and the acquisition time, one finds that the intensity of the
photoluminescence emission of the Si nanoparticle sample is about 1500x
higher than that of the Si bulk sample. The increase in photoluminescence in-
tensity with respect to the bulk is due to the stronger localization of electrons
and holes inside the nanoparticles rather than due to a transition from an
indirect semiconductor to a direct semiconductor as was predicted theoreti-
cally for small particle diameters [12]. For particles with diameters larger than
d = 2.0nm, the Si nanoparticles remain indirect semiconductors, as could be
verified by time-resolved photoluminescence and absorption measurements [7].
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Fig. 1. Room temperature photoluminescence of bulk silicon and silicon nanopar-
ticles.

As mentioned above, the reason for the blue-shift of the PL emission energy
is the quantum size effect observed in the Si nanoparticles. The true origin of
this is still under debate, see [13] and references therein. However, the effect
of the particle size on the PL emission is quite significant. In Fig.2 the PL
from nanoparticle samples with different mean particle diameters is shown.
The mean particle diameter is varied between d = 4.1nm and d = 5.2nm.
This comparably small change in particle size leads to significant shifts in
the PL emission energy, from E ~ 1.4eV for the largest particles to about
E = 1.67€V for the particles with the smallest diameter. The overall peak
shape stays mostly unaffected, except for the sample with the smallest par-
ticles, where a stronger high-energy wing is observed. This could be due to
the enhanced oscillator strength of the smaller particles, as discussed later
in this review. In Fig. 3, the photoluminescence is plotted for three different
temperatures. As expected from Varshni’s law, one observes a blueshift of the
PL emission peak energy with decreasing temperatures. At the same time,
however, the intensity exhibits a non-monotonic behaviour: Cooling the sam-
ple from 300 to 80K, the PL intensity increases first, reaches a maximum
at T ~ 80K and then decreases again when the temperature is decreased
further. This is different from what is observed in most other semiconductor
quantum dots or nanocrystals made from direct semiconductors: in such sys-
tems, the exciton population increases as the thermal energy of the system is
reduced, leading to an increase in the PL intensity with decreasing temper-
ature [14-16]. A systematic study of the temperature dependence of the Si
nanoparticle photoluminescence intensity is shown in Fig. 4. It can clearly be
seen that the PL intensity maximum is around 7" = 80 K. At the same time,
the PL does not quench for T" — 0. Similar results have been obtained for Si
nanocrystals embedded in a SiOy matrix [3].
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Fig. 2. Room temperature photoluminescence of silicon nanoparticles with different
mean particle diameters.
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Fig. 3. Photoluminescence of silicon nanoparticles at room temperature, 7' = 80 K
and T'=5K.

The reason for this behaviour is the excitonic fine structure in the silicon
nanoparticles. The left part of Fig. 5 shows the schematic band structure E (k)
for the silicon nanoparticles. It should be noted that in this study, only par-
ticles with diameters larger than d = 2.5nm are studied, where one can still
apply the Bloch equation based band structure model. For smaller clusters,
the situation changes and a HOMO/LUMO approach has to be applied [12].
The quantum confinement in the nanoparticles leads to a lifting of the de-
generacy of the heavy-hole and the light-hole band at the I'-point, as the
energy shift is inversely proportional to the effective mass. Therefore, for the
optical transitions in the silicon nanoparticles one needs to take into account
only the conduction band and the heavy-hole band. The conduction band is
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s-like, corresponding to an angular momentum component of J¢' = +1/2. The
heavy-hole band is p-like and is characterized by an angular momentum com-
ponent of JM = 43/2. For the formation of excitons, four possibilities exist
to align the respective angular momentum components: Two parallel config-
urations and two antiparallel configuration, leading to a twofold degenerate
exciton state with Jex. = 1 and another twofold degenerate exciton state with
Jexe = 2. Because the excitons with Jex. = 2 cannot transfer their angular
momentum to a single photon with J = 1, these exciton states are called
“dark excitons” and the other states “bright excitons”. Due to the exchange
interaction, the degeneracy between the bright and the dark states is lifted,
so that the dark states are lower in energy with respect to the bright states
by a splitting energy A as indicated in the right part of Fig. 5.
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Fig. 4. Photoluminescence intensity of silicon nanoparticles as a function of the
temperature.

____J°=%1 bright X

1
/y_/ 2 J7°=%2 dark X
R, R

\ Ih
SO k

Fig. 5. (Left) Schematic band structure for silicon nanoparticles. The quantum
confinement leads to a lifting of the degeneracy of the heavy and light hole bands
at I'. (Right) Excitonic fine structure.
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To study the excitonic fine structure of the silicon nanoparticles in greater
detail, one needs to look at the dynamics of the recombination. Therefore,
we studied the photoluminescence decay as a function of emission and tem-
perature. As the emission energy scales directly with the particle size, this
is equivalent to studying the size dependence of the recombination dynamics.
The temperature can be used to change the population of the fine structure of
the split states, as will be discussed later. The results of these measurements
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Fig. 6. (Left) Photoluminescence decay measured at different emission energies at
room temperatures. (Right) PL decay at E = 1.67eV for different temperatures.

are shown in Fig.6. In the left part, the PL decay at T" = 300K is shown
for different emission energies, corresponding to different particle sizes. As
one can see, the PL decay shows a monoexponential behaviour with decay
times 7 ranging from 40 to 200 us. This monoexponential decay is indicative
of a high degree of crystallinity in the samples used, which suggests that the
plasma-based fabrication leads to nanoparticles with better optical proper-
ties than those generated, e.g., by photoelectrochemical etching routes, where
a stretched exponential decay with a disorder parameter § is reported [17].
The reason for the decrease of PL decay time with decreasing nanoparticle
diameter is the increase in phonon-assisted recombinations with decreasing
particle size due to the increased electron-phonon interaction in small parti-
cles [18]. At the same time, the contributions from the phonon-less transitions
also increase due to the enhanced electron-hole wave function overlap [19].

While the PL intensity has a maximum around 7' = 80K, the PL decay
times 7p1, exhibit a monotonic behaviour: As shown in the right part of Fig. 6
and for more temperatures in the upper part of Fig.7, 7py, increases with
decreasing temperatures.

To isolate the temperature dependence of the radiative recombinations
from the total PL decay, one can combine the information from the tempera-
ture dependence of the photoluminescence intensity I(7") with the temperature
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Fig. 7. (Upper part) Measured PL decay times. (Lower part) Temperature depen-
dence of the radiative recombinations.

dependence of the PL decay rate Rpy, = 1/7p1,. The PL decay rate consists of
the radiative and the non-radiative recombination rate:

Rp1, = Rgr + RNR-

The intensity is proportional to the quantum efficiency 7:

Rgr

I = -
xn Rgr + Rpr,

Therefore, the product of intensity and PL decay rate is proportional to the
radiative recombination rate alone: — I(T') - Rpy, o< Ry. The result of this
analysis is shown in the lower part of Fig. 7. The circles represent data points,
while the solid line stems from the model described below. One can see, that
the radiative recombination rate decreases as the temperature is reduced, con-
trary to what is observed to direct semiconductor quantum dot/nanocrystal
systems such as InAs quantum dots or CdSe/CdS nanocrystals.

The fact that the radiative recombination rate decreases towards lower
temperatures suggests that in this regime the dark states play a dominant
role. The fact, that the dark state is lower in energy than the bright state (see
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Fig.5) is a hint that the excitons can thermalize into the lower (dark) state
before recombining. In other, direct gap semiconductor quantum systems such
a thermalization between the bright and the dark state is not possible as the
exciton lifetimes are much shorter, typically in the range of few nanoseconds.
In the case of silicon nanoparticles however, the lifetimes are much longer,
suggesting that the excitons can scatter and a thermal equilibrium between
the dark and the bright state is established. Therefore, we can use a thermal
distribution of the states to calculate the total radiative recombination rate
RpR as a function of the temperature using only the parameters R; and Ry for
the individual recombination rates from the bright and the dark state, respec-
tively, and the exchange interaction energy A. The radiative recombination
rate is then given by:

2Ry + 2Ry - exp (—kBAT)
Ry = 5

However, due to the fact that the intensity is only proportional but not equal
to the quantum efficiency, only the temperature dependence of the radiative
recombination rate Ry (7') is known, but not the absolute values. Therefore, by
fitting the above equation to the data points in the lower part in Fig. 7, we can
only obtain the ratio of R;/Rs and not the individual values. Moreover, we can
deduce the exchange interaction energy A from the above model. Fitting the
data to the above equation yields an exchange energy of A = 5.8 meV and a ra-
tio of bright state/dark state recombination rate of Ry /Ry = 8. The first value
is significantly higher than the value for bulk silicon, for which A = 140 ueV
has been reported [20]. However, the splitting energy is mostly given by short-
range exchange interaction, which is enhanced in confined systems [21]. The
result for the ratio between the bright and dark state recombination rate is
more surprising. As discussed before, one expects the dark exciton states to
be optically inactive due to the total angular momentum conservation rule.
In such a case, however, one should obtain R;/Rs — oo as the recombination
from the dark states should be Ry = 0. Our experiments, however, strongly
suggest that the dark state recombination plays an important role for the PL
at low temperatures. Indeed, applying the above model, we can even estimate
that for 7' < 40 K the luminescence rate from the dark excitons is larger than
the one from the bright states [8] due to the preferential occupation of the
lower dark state over the energtically higher bright state. To check these find-
ings, we analyzed the photoluminescence decay as a function of the emission
energy for different temperatures. The results are plotted in the upper part of
Fig. 8. While for temperatures T' > 40 K we find the expected decrease in PL
decay time 7py, with increasing emission energy (decreasing particle size), the
results for T" < 40 K show an entirely different behaviour: In this regime, the
measured PL decay times are nearly independent of particle size and temper-
ature and have a nearly constant value of 7pr, &~ 200 us. The reason for this
is a non-radiative decay mechanism which limits all measurable decay times.
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Fig. 8. (a) PL decay times for different temperatures. (b) PL intensity as a function
of the magnetic field for different temperatures. (¢) Calculated recombination from
the dark and the bright state based on a thermal distribution between the states.

In principle, we would expect also for the dark excitons an increase in the
recombination rate with decreasing particle size.

Another test for the above discussed model is to investigate the PL inten-
sity at different temperatures as a function of the magnetic field. The magnetic
field causes a mixing of the dark and the bright state. This should lead to a
significant effect at higher temperatures, where both states are occupied, and
a change in the recombination rate of the bright exciton should have a greater
impact. At low temperatures, where the excitons are mostly in the dark state,
one only expects a small effect on the intensity. The results of the correspond-
ing measurements are shown in the lower part of Fig. 8. Indeed, one finds that
for larger temperature the PL intensity decreases, when the magnetic field
is increased. In the same manner, the intensity is nearly independent of the
magnetic field at low temperature.

The above measurements gives an excellent estimate for the non-radiative
recombination time 7yg in this system, a quantity, which is always present
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in semiconductor quantum systems, but usually difficult to access experimen-
tally. Using these results, we can now immediately calculate the radiative re-
combination times from the measured PL decay times 7pr: 73 = TPle — Tﬁé.
From this, we can then determine the oscillator strength fos.(w) that describes
the strength of an optical transition:
2regme’ 1
forl) = ~Gan g
In the above equation, n is the refractive index and m = m.+my, is the exciton
mass in the weak confinement regime, given by the sum of the individual
masses m, = 0.19mg and my, = 0.286m, [22, 23].

The results of the above calculations are shown in Fig.9 together with
the radiative recombination times derived via the above route. The oscilla-
tor strengths found for the present silicon nanoparticles are in the range of
f ~ 107° for emission energies between 1.4 and 2.1 eV. The oscillator strength
increases with increasing emission energy /decreasing particle size. This is due
to the increased localization of the electron and hole wavefunctions in the
nanocrystals, leading to larger dipole matrix elements and thus larger oscilla-
tor strength. These results are in excellent agreement with recent theoretical
results obtained using the tight-binding method [12].
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Fig. 9. PL decay and oscillator strength over the PL emission energy.

Using the values for both the radiative and non-radiative recombination
rates, it is also possible to estimate the quantum efficiency for the optical
transitions in these particles. The quantum efficiency is given by:

—1
R

R TR
Using this technique, one obtains quantum efficiencies between 1 = 34% and
n = 86%, where the quantum efficiency increases with decreasing particle



Silicon Nanoparticles: Excitonic Fine Structure 89

sizes. It is interesting to point out that this method does not rely on either
an Ulbricht sphere or the use of a calibrated standard sample, but just on the
time-resolved PL. measurements. Similar values for silicon nanoparticles have
also been reported by other groups [6, 24].

4 Conclusion

In the present paper, we have reviewed some recent results on the photolu-
minescence properties of silicon nanoparticles. We find that the excitonic fine
structure can be used to describe the experimentally found temperature de-
pendence of the stationary and dynamic photoluminescence results. While at
room temperature, the photoluminescence is clearly governed by recombina-
tions from the energetically higher bright states, at about 7" = 40 K the dark
states start to dominate and govern the low temperature photoluminescence
properties. The reason for this is the ability of the exciton system to thermal-
ize due to the large exciton lifetimes in this system. By analyzing the PL decay
results, we can also demonstrate that the behaviour of bright and dark states
is clearly different. From these results we can deduce the non-radiative life-
time, which allows us finally to experimentally deduce the osciallator strength.
The obtained values are in excellent agreement with theory.
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