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Chapter 6

Ensembles and light interaction

In this chapter a study of the photoluminescence spectra for ensembles of silicon
nanocrystal and their evolution for different excitation intensities is presented. A
combination of size-dependent absorption cross-section and saturation effects in
these nanocrystals have a profound effect on the ensemble PL spectrum. Simu-
lations of this effect are shown and compared with experimental data. The pre-
sented simulations describe how the distribution of excited nanocrystals changes
under different excitation conditions and leads to a spectral shift of the ensemble
PL. The influence of excitation properties and its effect on the spectral profile
is discussed. Next to this, also the influence of different radiative rates in an
ensemble of NCs is addressed.

6.1 Spectral evolution on excitation intensity

6.1.1 Theory and experiment

There is a lot of literature available on the dependence of the bandgap of the Si
NCs on the diameter, for an overview hereof see e.g. Ref. [103]. In Section 2.3.3
it was shown that, for the sputtered films, a good fit for the experimental data
for the optical gap is given by

Eg(D) = ESi +
1.86
D1.39

, (6.1)

where ESi is the bandgap of bulk Si, similar as the theoretical dependence de-
termined in [37, 104]. Rewriting Eq. 6.1 gives the relation between diameter and
wavelength:

D(Eg) = (
1.86

Eg −ESi
)

1
1.39 . (6.2)
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Figure 6.1: Main panel : PL spectrum obtained under high fluence excitation.
Inset : The black line indicates the size distribution of the ensemble by converting
the wavelengths from the measured PL spectrum with Eq. 6.1. The dashed gray
line shows a fit of this distribution with Eq. 6.3 with the fit parameters as shown
in the figure.

Also it was shown Section 2.3.3 that the NCs prepared in this way commonly
have sizes whose logarithm is normally distributed;

N(D) =
1

Dσ
√

2π
e−

(ln(D)−µ)2

2σ2 , (6.3)

with µ and σ, being the mean and standard deviation, respectively, of the di-
ameter D’s natural logarithm. Fig. 6.1 shows results of fits of Eq. 6.3 to the
experimentally determined PL data.
In Section 4.1 it was concluded that, under the condition that the excitation pulse
is much shorter than the PL lifetime, every NC can emit a single photon only.
Multiple excitons localized in the same NC, that have been excited by multi-
photon absorption, undergo a fast non-radiative Auger recombination. Finally,
only a single exciton remains, which can undergo radiative recombination. The
number of excited NCs N∗ after an excitation pulse can in this case be described
by:

N∗(Jpump) = N(1− e−σabsJpump), (6.4)

where N is the number of NCs in the illuminated volume that can emit a photon,
σabs the absorption cross-section, and Jpump the pump fluence. From geometrical
considerations it is expected that the σabs scales with the square of the diameter
of the NC, which is theoretically supported by calculations of optical absorption
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Figure 6.2: Simulated spectra obtained from Eq. 6.6 for ratio of pump fluence of
0.01, 0.03, 0.07, 0.3, 0.65, 1.

cross-sections for Si NCs of different sizes [105]. We can now write σabs = ζD2,
where ζ is a proportionality factor. In this case Eq. 6.4 can be written as:

N∗(Jpump) = N(1− e−ζD2Jpump). (6.5)

We can use now the expression for the distribution of NC sizes from Eq. 6.3 and
combine this with Eq. 6.5 to arrive to an expression for the number of excited NCS
as a function of excitation pump fluence and their associated bandgap energy:

N∗(Eg, Jpump)) = N(D(Eg))(1− e−ζD(Eg)2Jpump). (6.6)

By converting Eg to wavelength with the relation λ = hc
Eg

the associated PL
spectrum can be obtained. Qualitatively this equation describes how the ratio of
excited NCs for different sizes changes upon illumination under different excita-
tion powers. So, under assumption that the quantum efficiency for photolumines-
cence is identical for all sizes, it shows how the PL spectrum changes with laser
power. Larger NCs have a larger absorption cross-section, so will be saturated in
emission at smaller pump fluences than the smaller NCs. This means that when
the pump fluence is increased even more, the smaller NCs can still increase their
contribution to the total (ensemble) emission. As a result, the PL spectrum will
shift to shorter wavelengths. Fig. 6.2 presents PL spectra obtained with Eq. 6.6
for 6 different values of pump fluence with ratio’s 0.01, 0.03, 0.07, 0.3, 0.65, 1.
While the intensity increases, saturation sets in at longer wavelengths and the
peak shifts to shorter wavelengths. A comparison of experimental data of PL and
the simulations is shown in Fig. 6.3. We note here that carrier multiplication,
known to occur in similar systems [106], has been omitted by using an excitation
photon energy below the threshold of 2 times the NC bandgap. For clarity, the
normalized spectra are shown. In the simulations the same ratios of excitation
fluence are used as in the experiment. The value of ζ was in this case determined
from the saturation behavior at a single wavelength by the method presented
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Figure 6.3: left : Simulated evolution of the normalized PL spectra for ratio’s of
excitation power identical to those of Fig. 6.2. right : Experimentally obtained
normalized PL spectra for different excitation powers. The ratio of these powers
is the same as for the simulations in the left panel.

in Refs. [51, 45]. In this method Eq. 6.4 is fitted to the power-dependent PL
intensity to obtain σabs for a specific wavelengh, which is subsequently used to
deduce a value for ζ. The simulation models the experimental spectra well; the
peak shifts to shorter wavelengths and the shift on the small wavelengh side is
more pronounced than that for longer wavelengths.
Next to a size-dependent absorption cross-section, there is also a dependence on

the decay time [47]. Typically, smaller Si NCs have PL lifetimes in the order of
10 µs, while for large NCs this increases to ∼100 µs. This effect leads to red-shift
of PL spectra for longer detection times, which is often observed experimentally
[107]. For Si NCs, most commonly a stretched exponential decay of PL intensity
at a single wavelength is observed:

I(Eg, t) = N(Eg) · e−( t
τPL(Eg)

)β

. (6.7)

We have used values for β and τPL found in Ref. [47] in order to be able to
simulate spectra at different times after excitation. Fig. 6.4 shows these resutlts
for t = 0, 50, 100, 150, 200 and 250 µs. A clear shift of the maximum PL intensity
in time is accompanying the change of decay, very similar as observed in [107].
In the interpretation of such time-dependent phenomena it is thus essential to
remove contributions originating from above “experimental” effects.

6.1.2 Discussion

The shift of PL spectra to shorter wavelengths with increasing excitation power
has been shown to occur in different types of NC ensembles. Different explana-
tions have been suggested for this behavior [108, 109, 110] and the importance
of the absorption cross-section has been noted as well [41, 111]. Although the
above proposed framework does not necessarily fully explain the experimentally
observed shifts of PL spectra, it is important to account for the strong influence
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of the discussed effects. It should be emphasized that the analysis and simula-
tions done here are based on the condition that the system is excited by a short
pulse, with respect to the PL lifetime, and the emerging luminescence is decaying
fully in between the pulses. In practice this means that the pulse repetition rate
should be small enough to allow for all the excited carriers to return to the ground
state. Under continuous excitation, typical for most experimental reports, the
characteristics change considerably, as equilibrium conditions are important in
this case. The size-dependent decay time could substantially alter the excitation
power-dependent emission, and an even larger blueshift can be expected, since
the shorter PL lifetime of small NCs allows for more radiative recombinations.
Now the question arises under which experimental conditions PL spectra should
be collected in order to get reliable information about the physical parameters of
the system. For NCs showing long decay times, like Si, it is possible to excite the
entire distribution by a pulsed excitation. After the pulse, all multiple excited
carriers in a NC undergo a fast Auger non-radiative recombination, and every NC
can, in principle, emit one photon. This would then be the best way to obtain
information about the entire ensemble. However, high pump fluences might be
necessary to arrive to this situation and non-linear and heating effects can appear
and influence PL properties [112]. Alternatively, at low powers, where the aver-
age amount of absorbed photons per NC << 1 the shape of the PL spectrum will
not change for varying power. This would be the best region to do comparative
experiments, but limited PL signal might complicate the practical usability. It is
also important to note that in this case mostly the large particles contribute to
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Figure 6.4: Simulated spectra for different times after a pulsed excitation of the
entire ensemble of NCs, acquired from Eq. 6.7. The spectral dependence of PL
decay time, τPL(Eg), has been obtained from Ref. [47]
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luminescence and a scaling based on absorption cross-section should be employed.

6.1.3 Conclusions

To sum up, it has been shown that PL spectra of typical Si NC ensembles show
a relatively strong dependence on the excitation fluence. A shift by 30 nm of
the maximum of PL intensity appears between low power excitation and that
under saturation conditions. It has been demonstrated that this shift can be
modeled by taking into account the differences in absorption for different sizes
of NCs. This, and the notion that each Si NC can only emit a single photon
after a pulsed excitation, determine the distribution of NCs in the ensemble
that is excited and contributes to luminescence. The evolution of this excited
state distribution with respect to excitation pump fluence can be modeled fairly
well by these simulations. Additional simulations of differences in PL lifetime
in the ensemble show spectral narrowing and redshift of peak intensity in time-
dependent spectra. We want to stress the importance of excitation conditions
on the PL spectra of ensembles of specifically Si NCs, but this can be expanded
to all semiconductor NCs, where ensembles and size-dependent absorption are
imminent.

6.2 Optical density and excited state distributions

6.2.1 Introduction

For quantitative analysis of different properties, like absorption cross section and
multiple exciton generation rate, it is important to know in what excitation regime
the experiments are being done. Optically thick systems, i.e. with a short path
length of light through the sample, will contain NCs under different excitation
conditions depending on their position relative to the surface where light is inci-
dent. The influence this effect has on the average amount of photons absorbed per
NC, 〈NC∗〉, is considered in this paragraph. The consequences for experimental
quantities, where this parameter is essential, are discussed.

6.2.2 Distribution of excited NCs

For a random distribution of NCs, the number of NCs that have absorbed in-
teger x photons after an excitation pulse, Nx, will be determined by a Poisson
distribution function:

Nx = PxNNC , (6.8)

with

Px = 〈NC∗〉x e−〈NC∗〉

x!
, (6.9)
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where NNC is the total number of NCs. For this evaluation it is important to
assure that there is a homogeneous absorption and excitation flux throughout
the distribution. Furthermore, scattering of light on the NCs is ignored (typical
Rayleigh scattering cross-section for visible wavelengths is ∼ 10−21 cm2, 4-5 or-
ders of magnitude smaller than the absorption cross-section). In this case we get
a distribution of excited NCs as shown in Fig.6.5. From this figure it is apparent
that the contribution of multiply excited NCs (x ≥ 2) becomes considerable at
values of 〈NC∗〉 = 0.2. The relative contribution of these NCs is here already
10%, so that a good singly excited NC regime should be found at still smaller
values (for example a relative contribution of 1% requires 〈NC∗〉 = 0.02). In
studies of CM the multiply excited NCs can give a high apparent multiplication
efficiency as multiexciton-like signals are created by absorption of multiple pho-
tons. This effect is enhanced by uncertainties in determination of pump fluence
and absorption cross section [61, 113].
When we introduce also absorption of the excitation pulse throughout the sam-
ple, 〈NC∗〉 does not correlate linearly anymore with the excitation pump fluence
as above. This is a direct result of the difference in excitation flux at different
depths of the NC distribution. We can in this case define an average amount of
excited NCs at depth d:

〈NC∗〉 (d) = 〈NC∗〉 (0) · e−αd, (6.10)

where α is the absorption coefficient and 〈NC∗〉 (0) the average amount of excited
NCs on the top layer, which can be evaluated, for example, by multiplication of
the pump pulse fluence and independently determined absorption cross-section:
〈NC∗〉 (0) = Jpump × σabs. Combining Eqs. (6.9) and (6.10) gives us the excited
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Figure 6.5: The dependence of the excited population as a function 〈NC∗〉 deter-
mined from Eq. (6.9). P0 denotes the unexcited fraction, P1, P2, P3. the single,
double and triple excited NCs, respectively, and Pex the total excited fraction
determined by 1-P0. The right picture shows the region of 〈NC∗〉 between 0 and
1.
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Figure 6.6: Dependence of total excited population Pex on average amount of
excited NCs on the surface 〈NC∗〉 (0), for different values of OD. (NB values of
OD are taken for base e, for base 10 these have to be divided by ln(10)≈ 2.3.)

NC distribution at depth d:

Px(d) = (〈NC∗〉 (0) · e−αd)x e−〈NC∗〉(0)·e−αd

x!
, (6.11)

which for limα → 0 simplifies to Eq. (6.9) again. We can introduce the optical
density (OD) to get a more general expression, α = OD/l, where l is the total
thickness, which we will set to 1 for simplicity. If we now want to determine the
total excited population, we have to integrate contributions at all depths and
divide by l:

Pex =
1
l

∫ l

0
1− P0(d) dd =

∫ 1

0
1− e−〈NC∗〉(0)·e−OD·d

dd, (6.12)

which has to be evaluated numerically. Fig. 6.6 shows saturation behavior for
different values of OD; the changes for larger absorption values become apparent.

Experimentally it is often easier to determine 〈NC∗〉, which is given by

〈NC∗〉 =
Jpump

NNC
· (1− e−OD). (6.13)

Values of 〈NC∗〉 (0) can be deduced by taking this relation and letting the thick-
ness of the illuminated volume go to zero:

〈NC∗〉 (0) = lim d → 0
Jpump · (1− e−ODd)

NNCd
=

Jpump

NNC
·OD. (6.14)

By combining Eqs. 6.13 and 6.14 it is now possible to deduce a relation between
〈NC∗〉 (0) and 〈NC∗〉:

〈NC∗〉 (0) = 〈NC∗〉 OD
1− e−OD

, (6.15)
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Figure 6.7: Dependence of total excited population Pex on average amount of
excited NCs 〈NC∗〉, for different values of OD. NB values of OD are taken for
base e, for base 10 these have to be divided by ln(10)≈ 2.3.

which is only dependent on the OD. By changing the variables in Eq. 6.12 to
〈NC∗〉 with the above relation we can get the excited population dependence on
this parameter. Fig 6.7 shows how the excited population changes as function
of 〈NC∗〉 for different values of OD. It is obvious that the saturation sets in at
larger excitation powers for increasing OD, while for small values of 〈NC∗〉 the
dependence is not so much influenced by the value of OD.
For interpretation of saturation data it is thus obvious that the optical density is
an important parameter which should be taken into account.




