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Solid state dispersions of Si nanocrystals (NCs) embedded in SiO2 have been studied for many years, with one of the goals, improving their photoluminescence (PL)
quantum yield (QY) towards application worthy levels. While intrinsically they might
show poor PL properties, energy transfer (ET) from NCs to defective NCs, can be seen
as an additional reason of their poor PL properties. The nature of ET in between Si
NCs in ensembles is not well understood, and the premise is that ET proceeds from
small NCs to large NCs, i.e. has a transfer ”direction”. Large NCs, with a large
surface area, have a high probability of being defective, and therefore this directionality would not be beneficial for the ensemble PLQY. Past studies concentrated on
the properties of the entire ensemble of NCs and inferred on ET probability and rates
from those properties without differentiation between different sizes of the NCs. In
this chapter we differentiate between different parts of the NC ensemble by spectrally
resolving the optical properties, and probe whether we can observe the signature of
transfer, quenching of PL due to saturation of the acceptors, in both large as well
as small NCs. Moreover, by performing experiments at cryogenic temperatures, the
absorption of phonons is diminished which might enhance the small-to-large NC directionality effect. In spite of the low temperatures, we cannot detect the effect of
directionality in ET, and observe quenching of acceptors on both sides of the NC size
distribution. Furthermore, we observe the strongest transfer induced quenching in the
smallest NCs, implying that they have an important role as acceptors and also that the
quenching promotes additional non-radiative recombinations.
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7.1

Introduction

The important effects of energy transfer on the optical properties in close packed
ensembles of Si nanocrystals (NCs) have been shown repeatedly. [35, 136] The main
limitation of Si NCs inhibiting applications remains their low photoluminescence
quantum yield (PLQY). A substantial part of the energy loss can be ascribed to the
intrinsic properties of each individual NC, such as limited and size dependent PLQY
[6, 15, 71], the existence of dark NCs, [42] limited surface passivation, and difficulties
in control of NC size (See chapter 2). Nevertheless, it seems that besides the intrinsic
losses, energy transfer between individual NCs within the ensemble can enhance the
negative outcome of the intrinsic properties. If energy is continuously shuffled around,
it is bound to cross paths with defective NCs. Moreover, carrier or energy transport
in semiconductors, is of great importance for devices, playing a crucial role in PV
efficiency limits. Lastly, the mechanism of energy transfer (ET) is usually described
as governed by transfer of excitons by the Förster mechanism, [137] but also tunneling of carriers or Dexter transfer are in the realm of possibilities. [138–140] For these
reasons we would like to better understand the nature of ET in solid state dispersions
of Si NCs, embedded in SiO2.
While there are many ways to produce Si NCs, the fabrication technique used here
– cosputtering of Si rich SiO2 films, followed by high temperature annealing – is common and has been used abundantly in the past. [11] Moreover, the use of SiO2 as the
matrix material makes it compatible with common Si technologies, and provides a natural oxide as passivation layer to NCs. [34, 141] While it is compatible with industrial
techniques, the fabrication technique – annealing of Si-rich SiO2 layers – also comes
with its drawbacks, notably, NC size, size poly-dispersity, and interparticle distance
are all interlinked, and are dependent of a handful of control parameters available during fabrication. In past works [27] and our own (chapter 2) different strategies are
explored to overcome the limitations owing to the NC development technique. But
even when employing the best techniques, passivation treatments, and optimizations,
we are limited to relatively low PLQYs.
The importance of ET as an enhancer of the negative effects named above, has
been studied in the past [136], but the indisputable proof for the existence of ET between Si NCs, has not been demonstrated before Limpens et al. [35]. In contrast to Si
NCs, in direct bandgap colloidal NCs, ET has been demonstrated, [142] by mixing two
distinct NC ensembles, with different NC sizes, and then forming a densely packed
solid. In the mixed solid, the optical properties were altered, most evidently the PL
lifetime of the small/large NCs was shortened/lengthened and was accompanied by
corresponding PL quench/enhancement – interpreted as ET from small to large NCs.
This method is unavailable for solid state dispersions of Si NC as used here; while NCs
of different size can be grown, they cannot be easily freed from their matrix, mixed
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and re-embedded without modifications to the surface and fabrication technique that
would completely alter their electronic and optical properties, for example by use of
P/B-doped Si NCs. [143]
In the past, experimental efforts on solid state dispersions of Si NCs inferred the
existence of ET between Si NCs, but these findings relied on inconclusive evidence.
Among these, the stretched exponential character of PL decay transients [10, 144,
145], the red-shift of the PL spectrum with time, [10,136,145] and the size-dependent
quantum efficiencies, [42, 77] have been interpreted as manifestation of ET. Limpens
et al. [35] employed lifetime quenching as a way to probe the effect of ET, but for a
selection of NC sizes. This technique makes no differentiation in the detected signal of
donors or acceptors, like it was done in the case of direct bandgap colloidal NCs [142].
In contrast to the previous work, here we explore the spectral properties, allowing us
to differentiate between different NC sizes in the ensemble; in essence we attempt to
probe whether the we can observe the ”directional” transfer from higher energy small
NCs to lower energy larger NCs.
Lastly, a comment on the sample studied. In chapter 2 the use of multilayer structures was employed to gain more control on NC size and poly-dispersity. This has beneficial effect for the study of ET, as it allows more precise control over inter-particle
separation. Exactly this level of control was employed in [35] to demonstrate the
higher ET rates in more dense ensembles of NCs at room temperature (RT). In this
work, we only use a single thick layered sample, and study the occurrence of ET at
cryogenic temperatures (CT) using PL quenching induced by transfer to NCs in the
excited state. We employ the same methodology as used by Limpens et al. [35] but
expand on it, using different excitation powers to manipulate the initial population of
the system, such that different behaviors of the acceptors emerge.

7.1.1

Transfer driven lifetime quenching

In the work of Limpens et al. [35], we presented the use of excitation power dependence to drive the system into a different state; we rely on the same concept here.
At low excitation powers – PLow – the excitation, can transfer from NC to NC. With
the transfer probability depending on the distance between NCs, and their bandgap
energies. The transfer process will only stop when no suitable neighbors are found,
or upon recombination, whether radiative or non-radiative. This means that transfer
will alter the observed PL spectrum, by shifting the emission contribution towards the
acceptors, as they will play a bigger role in the later emissive state of the ensemble.
On the other hand, high excitation power – PHigh – signifies the other limit, where
all NCs are excited after the excitation pulse. At such conditions, each transfer event
will take place to an already excited NC. Two excitons in a single NC result in Auger
recombination (AR) and a subsequent loss of the second exciton to heat. Effectively,
the high excitation power introduces a non-radiative recombination channel that short-
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ens the effective PL lifetime. The quenching of lifetime will only be observed in the
acceptors, and the premise is that the quenching does not affect the donor NCs. The
transfer probability does not depend on the actual excitation state of the acceptor NC,
therefore whether we saturate the sample or not should have no effect on the donors.
An observation of quenching therefore allows us to identify the acceptors within the
NC ensemble.
ET leads to a red-shift with time, which can be easily understood if we consider
the lifetime of differently sized NCs. We know that different NC sizes have different
emission energies, i.e., a smaller NC has a bigger bandgap. This is due to the quantum
confinement effect. Another effect resulting from the smaller NC size is the bigger
spread in momentum space, often termed as k-conservation easing [34]. The result
of this is that the radiative transition in smaller Si NCs is becoming more probable,
and thus radiative decay time is shorter. An ensemble of differently sized NCs will
therefore have a variation of radiative lifetimes, with the largest NCs showing the
longest lifetimes, and the smallest NCs the shortest.
An expected implication of ET could be a cascade effect, in which small NCs
with large bandgap energies, transfer primarily to lower bandgap energy, large NCs.
[42, 136] This directional transfer is what we would like to probe, and it should be
observed in two ways. Firstly, transfer induced PL quenching is a signature of the
acceptors, and should in such a case mostly influence the large NCs in the ensemble,
quenching their lifetimes. Secondly, this would have spectral signature, in the form of
the spectral shift after excitation. A spectral red-shift is first and foremost the result
of the different lifetimes of the differently sized NCs in the ensemble, the small NCs
emit first, and the large later. Directional energy transfer should enhance the red-shift,
delaying the acceptors emission. [10, 136, 145] Upon quenching of the acceptors, we
still expect a red-shift but of a decreased magnitude.

7.1.2

Temperature effects and phonon contributions

Considering that theoretical calculations [146] predicted the lack of ET when employing the phonon-less tight binding approach, we can assume that phonons play a
crucial role in ET. The indirect transitions in Si imply that the transfer from NC to NC
requires either a phonon emission (Stokes) or absorption (anti-Stokes). This implies
that any ET transition will either have an energy loss (Stokes phonon-assisted ET), or
energy gain (anti-Stokes phonon-assisted ET) with the latter being less probable.
The inclusion of thermally excited phonons (room temperature) will have an effect
on phonon-assisted transitions, [147] and therefore, we opt for exclusion of thermal
excitation, by working at CT. This might have several effects. Firstly, it is possible
that ET rate will be quenched due to lack of thermally excited phonons. Secondly, due
to lack of thermally excited phonons at CT, the anti-Stokes transitions will be strongly
quenched, and thus giving ET a more pronounced energy ”direction”, from small to
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large NCs. Thirdly, CT will slow down other (non-radiative) recombination pathways
the NCs might have, in that way enabling ET. Lastly, the longer effective lifetimes, and
quenching of non-radiative recombination, could also mean that it is simply easier to
observe ET. The two signatures, lifetime quenching and spectral shift are the focus of
this chapter, in order to pinpoint the effect of acceptors in ET.

7.2

Experimental details

7.2.1

Sample fabrication

Thin film Si NC samples were produced by a magnetron radio-frequency sputtering method using high purity Si (99.99%) and SiO2 (99.99%) targets. A 1000 nm
single layer of SiOx was deposited, with 17.5 at% of excess Si. The sputtered films
were annealed for 30 min at 1200 °C in nitrogen atmosphere for crystal formation,
followed by 120 min at 500 °C in hydrogen-rich atmosphere for passivation.

Optical characterization

PL spectrum and time-resolved measurements are executed by excitation with
a 5 ns, 100 Hz pulsed Nd:YAG laser system (Solar LS) using the third harmonic
(355 nm), and detection by a TRIAX-1000 monochromator (HORIBA Jobin Yvon)
coupled to a Hamamatsu photo-multiplier tube (PMT). All spectra were corrected for
the system response. The sample was cooled in two different cryostats, for the PL
spectra measured down to ≈ 4.2 K an OptistatCF (Oxford Inst.) with continuous-flow
of helium is used. The sample is placed on a cold finger in a static exchange gas to
ensure that the temperature setting is obtained. For the higher excitation power experiments, the CCC1104 (Oxford Inst.) was used in combination with a closed-cycle
helium compressor (Cryomech). The latter does not reach liquid helium temperature
at the sample, and we estimate the lowest obtainable temperature to be ≈ 40 K.

Time dependent PL spectra: calibration
PL measurements of NC ensembles normally rely on CW or pulsed excitation
sources coupled with wavelength dispersive spectrometers, with CCD arrays for detection. Unfortunately these arrays require exposure times of the order of milliseconds,
or the use of more advanced streak cameras. Here we measure the time dependent
spectral behavior of PL after a ns excitation pulse. To do this, we make use of a high
temporal resolution PMT, and measure each emission wavelength separately, and ultimately combine the different measurements to construct time-dependent spectra. By
measuring the same PL spectrum with a calibrated CCD, under the same excitation
conditions, we can calibrate the spectral response of the PMT.
The PL transients are measured between 800 − 1100 nm at 25 nm intervals. A
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temporal resolution of 256 ns is used, during the transient measurements. For the
spectral shift characterizations, which are deduced from several PL transients, the
transients are further averaged out to a temporal resolution of 12 µs in favor of beter
signal/noise ratio. This temporal resolution is sufficient, since typical decay times of Si
NCs at CT are of the order of several hundreds microseconds, as shown in supporting
figure 7.8.

Time dependent PL spectra: analysis

CH. 7

In order to quantify the behavior of the measured spectra, we can extract spectral
properties. Normally, the PL peak position, extracted from the measured PL spectrum
or fitted by distribution is taken as a measure of spectral position. The former cannot
be reliably extracted here due to the low spectral resolution. Fitting the spectra by a
distribution is problematic, as the distributions are highly asymmetric, and the limited
detection window does not cover the entire emission spectrum, resulting in a biased fit
of the distribution. While this could be overcome and probably requires manual fits,
the used mean emission wavelength is highly reproducible. We define the weighted
mean spectral position, λwm as:
Pλmax
λIλ
min
λwm = Pλ=λ
λmax
λ=λmin Iλ
where λmin and λmax define the range of detection wavelengths used, and Iλ the intensity at that wavelength, λ. This method is less sensitive to noise and an incomplete
emission window, which might bias the peak position, but it also implies that the absolute value of λwm does not have to be the peak position value, and λwm is used only
to quantify the spectral shifts.

Time dependent PL: analysis
t β

The TRPL transients in Si NCs are fit using a stretched exponential decay, ce−( τ ) ,
with the stretching exponent dispersion factor set to β = 0.8. To retrieve the average
lifetime (τavg ) corresponding to the specific emission energy examined, it is calculated
following [148], and is given by:
1 1
τavg = τ Γ( )
β β
with Γ the Gamma function.

Power dependence
This study relies on power dependent behavior of PL. For excitation, we make use
of the 355 nm line of an Nd:YAG laser. The strong absorption of NCs in the UV means
that the transition from linear absorption to saturated absorption is readily obtained.
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[119] To identify the regime of excitation, we explore the integrated PL intensity as a
function of the excitation power, measured using a thermal sensor (Ophir). The result
is shown in Fig. 7.1.
For argumentation we make use of the parameter Nabs , as defined in Limpens et al.,
[35] which is the number of absorbed photons per NC. Determination of this parameter
is unfortunately extremely challenging, requiring the knowledge of the density of NCs,
their size, absorption cross-sections and excitation power with its non-homogeneous
distribution. While it could improve the accuracy of the experiment immensely, it is
sufficient to show that we have two different excitation regimes for the lowest and the
highest excitation powers, in order to demonstrate the trends and behaviors clearly.
It would be ideal to have the low excitation power in the linear absorption regime
(Nabs  1), and the high excitation power at the sub-linear absorption regime (Nabs >
1). Such conditions are in the experimental practice very challenging to obtain, and
were not fully realized here. In fact, here the situation is that the excitation power is
varied by an order of magnitude between PLow and PHigh , but both are in a sub-linear
absorption regime. What this means is that due to laser spot inhomogeneity, there is
always a mixture of the two power regimes. [147] A part of the excited sample area
will be saturated and a part not. Then, upon power increase, a bigger part of the sample
area becomes saturated. This means that we can only qualitatively explore the effects
of the two power regimes, but cannot quantify them individually, and cannot assign
an Nabs . Calculations of Nabs also confirm this notion, as the values we estimate are
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Figure 7.1: Power dependence of PL intensity. PL intensity dependence on excitation power, showing sub-linear behavior for lowest powers, and the onset of saturation
for the highest powers.
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Nabs > 10, even though we observe intensity increase. Future work might be able to
address this issue, and perform the experiments at different excitation conditions, but
for the purpose of qualitative study of ET, a mixture of areas is sufficient.

CH. 7

7.3

Results & discussion

The Si NC are studied by their PL properties, in a way similar to Limpens et
al. [35], relying on transfer induced PL quenching, but with an added dimension.
Here we not only explore the time dependent behavior of the NCs but also look at the
spectral signature of ET.
The measured PL spectrum under pulsed excitation and PL transients for different
detection energies are shown in Fig. 7.2. The intensity at each detection wavelength,
at a certain point in time, allows us to reconstruct the time dependent spectra, as
discussed in section 7.2.2. Ultimately, we determine for each excitation power: the
lifetime at each detection wavelength (shown in Fig. 7.2), and the spectral mean at
different times after the pulse (shown in Fig. 7.3).
Fig. 7.3 shows the weighted mean spectral position, λwm , as a function of detection time, as measured at T ≈ 40 K for two excitation power settings. In the observed
spectral shift, several observations can be made.
• A spectral red-shift is observed for both excitation powers.
• The initial (t = 0) spectral position is blue shifted for higher power.
• The red-shift magnitude is bigger for PHigh than PLow .
The first two points can be understood without invoking any ET effects. The third
point shows a behavior which goes exactly against our expectations from directional
ET from small to large NCs. In the next sections a detailed analysis of the initial
spectral position is given, and afterwards the underlying TRPL transients are explored
in order to interpret why no signature from directional spectral shift is observed.

7.3.1

Initial emission

Before we start to explore effects happening on a long time-scale (> 1 µs) we have
to consider the initial emission. We can discuss the transients’ amplitude (I(t0 )(λ))
and spectral position (λwm (t0 )) right after the excitation pulse, with the latter being a
product of the former; the initial spectral position is the result of distribution of excited
NCs, and their radiative recombination rates. While a series of complex physical
processes take place before the initial spectrum is measured, we can actually disregard
those. The focus in this section therefore lies on the first emission observed after the
fast processes of light absorption, electron-hole excitation and relaxation to the band
edge states, have taken place. From an experimental perspective, we could say that it
regards the second bin of a PL transient (> µs regime), with the first one, containing
the laser pulse, rise and subsequent fast decay processes, being discarded.
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Small NCs - 825 nm

T=40K

Large NCs - 950 nm

t0=0.03ms

PL intensity
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t2=1.18ms
T=40K

t3=2.02ms

Time (ns)
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Figure 7.2: PL transients and spectra. Left & center, PL transients for small and
large NCs, at lowest and highest excitation powers, with the times (t0 − t3 ) marked,
and the corresponding spectra, shown on the right.

Spectral weighted mean [nm]

Figure 7.3: PL spectrum mean shift. PL mean values as a function of time, for two
different excitation powers.
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The number and distribution of excited NCs can be estimated to some degree, and,
while not exact, we can estimate the general trends. The distribution of excited NCs
can be described as follows,
Z dmax
Nexc (λexc ) =
Nsd (d)σ(d, λexc )dd
(7.1)

CH. 7

0

The NC size distribution, Nsd (d), is fixed and can be measured, but the size dependence of the absorption cross section (ACS, σ(d, λexc )) is not known exactly. Nevertheless, we know roughly how the ACS behaves: σ(d) grows with NC size. [149]
This equation only applies in the linear absorption regime, which derives its name
from the fact that an increase in excitation flux results in a proportional increase of the
number of excited NCs, and thus emission. But Eq. 7.1 will change once we increase
excitation power beyond this regime; When a single NC absorbs more than one photon
in a pulse, which is shorter than the excited state lifetime, fast and efficient AR, will
convert the second excitation into heat. [150] In this study we observe the slow time
dynamics, and AR, with a sub-nanosecond time constant, will all have taken place
faster than the setup resolution, and thus we are probing the system in which a NC
is either singly excited or not excited, and multiple excitations have been quenched.
Under the most extreme case we could therefore find that 7.1 turns into Nexc = Nsd ,
for a fully saturated sample. The intermediate case is that the distribution is partially
saturated, with those NCs, with largest ACS saturating first. Considering that the ACS
increases with NC size, we can therefore conclude that within the linear excitation
regime, the larger NCs will have a relatively larger representation in the distribution
of excited NCs, Nexc (d). But once we get (partial-) saturation, we will observe increasingly more contribution from the small crystals. So essentially, as we go into
saturation, the emission should blue-shift due to the smaller NCs contribution.
The above argument is calculated and shown explicitly in Fig. 7.4, for a simulated
system. We take a normal size distribution (by arbitrary choice, distributed normally
in emission wavelength, Fig. 7.4-top), and take the two extreme cases of excitation
– linear and fully saturated absorption regimes (Blue/red respectively, Fig. 7.4-mid).
The ACS is taken from Kovalev et al. [149] for the linear regime, and is kept constant for the saturated regime. The resulting calculated PL, is shown in the bottom of
Fig. 7.4: a clear blue-shift is observed due to the saturation effect.

7.3.2

Time resolved photoluminescence

One of the main findings from the temporal spectral analysis, is that the spectral
red-shift magnitude is bigger for PHigh than PLow . This result contradicts the expectation of directional ET, from small to large NCs. The spectral position is a parameter
relying on the PL behavior at different wavelengths. Therefore, the TRPL transients
are explored here to interpret the observed spectral shift behavior.
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Figure 7.4: Initial PL spectrum. Top, an ideal NC ensemble used in combination
with different absorption cross section spectra (middle), to calculate the resulting initial (t0 ) PL spectrum (bottom), for two excitation powers: Low (blue) and high (red)
power. The ACS is saturated to a constant value, and the resulting PL blue-shifted at
high power.
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c) Measured - PL decay rates

Figure 7.5: PL lifetimes: expectation & measurement. (a) Rough illustration of expected decay lifetimes, that shows quenched directional transfer induced PL emission
for the large NCs functioning as acceptors. Measured PL decay (b) lifetime and (c)
rate as a function of detection wavelength for two excitation powers. Non-directional
transfer induced PL quenching of acceptors observed for both the small and large NC
sizes, as illustrated.

TRPL transients at two different wavelengths, simply referred as blue and red,
λblue = 825 nm and λred = 950 nm, are shown in Fig. 7.2. And the fitted TRPL decay
times for all detection wavelengths and excitation powers are shown in Fig 7.5. The PL
lifetimes for PHigh excitation are visibly shorter than PLow excitation for both λblue as
well as λred . This demonstrates two points; an increase in non-radiative recombination,
and a comparable quenching of small and large NCs. While increased (non-radiative)
recombination is exactly what is expected for the acceptors, it was not necessarily
expected to take place for the entire spectrum of NCs.
Secondly, we can try to interpret in more detail how the PL recombination rate is
altered. The absolute intensity of the TRPL transients can be compared between the
different excitation powers. While in section 7.3.1, I(t0 ) - right after the excitation
pulse - was discussed, now the intensities at a few chosen moments are discussed:
I(t1 ) at t1 = 0.6 ms, I(t2 ) at t2 = 1.2 ms and lastly I(t3 ) at t3 = 2.0 ms. These moments are marked on the transient shown in Fig. 7.2, and the corresponding measured
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spectra are given in the right hand side of Fig. 7.2.
The measured PL recombination rate is the sum of the radiative and non-radiative
parts. With increased excitation power, and saturation of the NCs, we actually introduce a non-radiative recombination channel. This transfer-related non-radiative
recombination is named - Γtr , and depends on the excited carrier density, Nexc . As
recombination occurs, the number of excited carrier decreases, and consequently nonradiative recombination, due transfer induced quenching, decreases. Once the exciton density decreases sufficiently to allow transfer to non-occupied NCs, the system
should proceed to behave approximately as upon low excitation flux. In Fig. 7.2,
we observe this kind of behavior; at t0 and t1 the intensity with excitation power,
I(PHigh ) > I(PLow ), but as the decay progresses towards t2 the same intensity is
observed for both excitation powers, I(PHigh ) ≈ I(PLow ). This is shown explicitly
in Fig. 7.6, where the ratio of intensities between a high to low excitation powers is
shown for the different moments (t0 − t3 ). The earlier the intensity is probed, the
higher the intensity ratio, but at later stages it approaches unity. The behavior at t3
where a decrease to below unity is observed, will be discussed later in section 7.3.3.
These results are analyzed further by looking at the recombination rate,
(7.2)

with Γtr depending on excitation power and, and for now, Γint is assumed to be
independent of the excitation power. We can therefore take the difference between
Γef f in the lowest and highest power, to find
∆Γef f = Γef f,High − Γef f,Low = Γtr,High − Γtr,Low = ∆Γtr

(7.3)

∆Γtr is equal to the number of quenched excitons. Those excitons that would, under
low excitation power condition, first transfer and then recombine radiatively, but are
now quenched. We find that ∆Γtr is bigger for small NCs than for large NCs – a very
surprising finding.
Observing the entire emission spectrum we could conclude that contributing NCs
of all sizes have been quenched, resulting in higher recombination rates all across the
spectrum. But using the unique spectrally resolved analysis, it is evident that more
emission quenching originates from the small NCs, than from the large ones.

7.3.3

Prolonged quenching of PL

We have so far addressed shortening of effective lifetime due to non-radiative
transfer to occupied NCs inducing quenching. While in principle we do not argue
against this effect, there is a slight caveat, the non-radiative recombination due to
quenching proceeds for too long. At t2 the PL intensity of both excitation powers are
almost indistinguishable. But at t3 the intensity at high excitation powers is slightly
lower, I(PHigh ) < I(PLow ): this effect we name prolonged quenching.
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Large NCs - 950 nm

Intensity ratio High / Low power,I(P)/I(PLow)

Small NCs - 825 nm

I(t0)
I(t1)
I(t2)
I(t3)

Excitation power [mW]
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Figure 7.6: Intensity ratios at different times. For the different times (t0 − t3 )
marked in Fig. 7.2, we show the intensity ratio between the different excitation powers
and the lowest power. Above unity means the intensity increased with increasing
power, and below means it decreased, indicating strong (prolonged) quenching of PL.

*
ΔNexc

Figure 7.7: Excess excitons lifetime. PL transients for the case of (blue) intrinsic
decay, with time constant τint , and (red) with additional transfer induced quenching
∗
(time constant τtr ) of the excess carriers, ∆Nexc .
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Before, we have argued that Γtr depends on the exciton density, Nexc . It is a higher
order effect that takes place only when the density of excitons is sufficiently high.
The high excitation power results in an increase of Nexc at t0 , inducing the number of
∗
excess excitons, ∆Nexc . We can define this parameter as Nexc (PHigh )−Nexc (PLow ) =
∗
∆Nexc . Around t2 , as the TRPL of both low and high power have decayed to the some
intensity, we could argue the situations describe an equivalent system, and no further
quenching should be observed for the high power case. In Fig. 7.7 an exaggerated
representation of this is shown, in which we mark the red area, which is the number
∗
of excess excitons, ∆Nexc .
This effect is unexpected and we interpret it as increased non-radiative quenching which is not directly the result of transfer induced AR. The AR events that ultimately quench excess excitons, promote hot excitons during their recombination.
Considering possibilities such as charged states, and high energy defects that get populated, [151] provides alternative explanations to a decrease in effective rate once the
NCs are excited with higher energies. In other words, the premise is that the intrinsic
non-radiative rate, Γnr , is in fact increasing when we excite with higher powers.

Alternative explanations

From the results it is concluded that the quenching signature of transfer was predominantly observed in small NCs, and that no directionality from small to large NCs
is observed, in contrast to expectation. Here we consider alternative explanations that
take into account an important issue: the difference in excitation conditions between
small and large NCs.
Two situations can be considered:
• As discussed in section 7.3.1, the ACS profile determines which part of the NC
ensemble saturates, with the large NC saturating first due to their larger ACS.
But it might as well be that the large NCs are already saturated at PLow , then
an increase in excitation power will not introduce more transfer induced PL
quenching, while it will do that for the small NCs. In other words, if the large
NCs are already quenched at low power, they cannot be quenched further.
• It has been proposed [42, 136] that energy transfer to dark NCs acts as a kind
of funnel, in which energy is lost. Dark NCs excited directly do not contribute
to the measured PL, and so if a portion of the potential acceptors is already
dark, then we cannot quench them by saturation. Consequently, if dark NCs
are predominantly large NCs, then this might also explain the observations.
If the latter case was dominant, then no PL would be observed at all from large NCs
and so this argument might have a minimal influence. The first argument does raise
an important issue, and considering that the intensity at t0 behaves differently with
power in large/small NCs indicates, this argument to be true. Nevertheless, it cannot
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decrease the magnitude of quenching in small NCs, and so we are left with an PL
quench due to transfer to acceptors all across the spectrum. More investigations will
be needed to resolve this puzzle.
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7.4

Conclusion

In this chapter, the PL properties of Si NCs embedded in SiO2 were explored, with
the goal of pinpointing the role of different parts of the ensemble in the energy transfer
process. This process was investigated at cryogenic temperatures in order to separate
the thermal effects on the (phonon assisted-) energy transfer. No effects that can be
attributed to the thermal conditions could be associated with the energy transfer. More
importantly, we observe clear quenching of PL lifetimes, a fingerprint of the acceptors
in ET within an ensemble. The quenching was observed for large but notably also
for small NCs, a result which implies that both the large and the small NCs act as
acceptors in ET. This result is distinctly different then observations of ET in mixtures
of direct bandgap NCs [142]. While we have not shown that in the case of a small NC
acting as an acceptor, the donor is a large NC, this finding does oppose many of the
published interpretations of ET. [42,136] It might as well be that ET mostly takes place
resonantly between two similarly sized NCs, and therefore a cascade effect from small
to large NCs is minimized in practice. These results show the importance of studying
energy transfer in Si NC ensembles. Applications requiring efficient carrier or energy
migration between NCs might rely on such an effect or suffer from it, depending on
the design and the application requirements.

7.5

Supporting information

The lengthening of the effective PL lifetime, and quenching of non-radiative contributions at CT was observed before, and here we reproduce it to confirm our sample
characteristics. [34, 152] The Si exciton has a threefold degenerate low energy triplet
state (with spin quantum number S = 1), and a higher energy singlet state (S = 0),
with an energy difference ∆E and τt and τs for the triplet and singlet radiative lifetimes, respectively. [153] The triplet-to-ground state radiative transition is forbidden,
with resulting very long triplet lifetimes. The occupation of the states as a function
of temperature can be described with Boltzmann statistics. In Fig. 7.8, we present the
measured PL lifetime as a function of temperature from liquid helium up to RT. The
measured lifetime is fitted with an Arrhenius equation,
1
τP L
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with g = 3 the degeneracy of the triplet state. The fitted values, shown in Fig. 7.8,
agree well with the literature data. [34, 152]
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Figure 7.8: Arrhenius plot. PL lifetime as a function of temperature for two powers.
Fitted with Arrhenius equation, to account for the contributions of the fast singlet and
the slow triplet states.

