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Chapter 3

Photoluminescence quantum

yield

The quantum yield of photoluminescence is an important parameter of the stud-
ied optically active materials. This chapter describes the exact terminology which
is employed, followed by the experimental details that have been considered and
the conditions necessary for a reliable determination of this parameter. Further-
more, the setup and method used for the determination of the absolute pho-
toluminescence quantum yield are introduced. Different origins of error in this
determination procedure are considered, and their contributions are estimated.
Finally, the procedure for calibration of the system, and optimization hereof, are
discussed.

3.1 Definition of PL QY

In this section we will describe the considerations concerning the determination of
the quantum yield of photoluminescence. For clarity we start with the definition
that we shall use throughout this work:

Quantum yield of photoluminescence =
number of emitted photons
number of absorbed photons

. (3.1)

Note that this is the external QY, which considers all the photons that are ab-
sorbed and emitted in a macroscopic amount of material. This quantity can
be determined as a product of the efficiency of photoexcitation (number of gen-
erated excitons per absorbed photon, γPL) and the ratio of radiative (kR) and
non-radiative (kNR) recombination rates. Similarly it can be described by the
ratio of the lifetime of luminescence (τPL) and the radiative lifetime (τR),(the
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30 CHAPTER 3. PHOTOLUMINESCENCE QUANTUM YIELD

luminescence lifetime in absence of non-radiative decay),

QY = γPL · kR

kR + kNR
= γPL · τPL

τR
. (3.2)

For ensembles of nanoparticles, the determination of these parameters is however
not evident. The radiative lifetime is not well-defined, as opposed to a molecular
or bulk system, since there is a distribution of sizes and shapes of the particles,
with different radiative rates. When a quantum yield is deduced from the PL life-
time, it is important to acknowledge that by this method the internal quantum
yield is determined [39, 38], so that is only for those particles that are opti-
cally active. For example excitons in nanocrystals with dangling bonds on their
surface will undergo a fast non-radiative interaction and do not contribute to
luminescence at all. These so-called “dark” nanocrystals will however not change
the decay characteristics of the optically active part of distribution, as the non-
radiative lifetime associated with these NCs are much smaller than the radiative
lifetime. If there would not be any dark nanocrystals then, in this definition, the
internal QY would be equal to the external QY.
We note that the definitions used here for internal and external quantum yields
are different than that used in, for example, photovoltaics. In that case the inter-
nal quantum efficiency determines how efficient absorbed photons are converted
in electrons, while the external quantum efficiency indicates the total incident
photons to electrons efficiency. It is also important to understand that quantum
efficiency is not equivalent of energy efficiency, since the individual energy of the
particles are not considered, just their numbers. Energy conversion efficiencies
will always be smaller than quantum efficiencies.

3.2 Experimental considerations

The spectral dependence of the external quantum yield of photoluminescence of
silicon NCs was determined experimentally by comparing the total number of
emitted and absorbed photons, by a method based on that originally developed
in Ref. [44]. Our experimental set-up to determine the absolute external QY of
PL is shown schematically in Fig. 3.1. Light from an excitation source is directed
onto a sample placed inside an integrating sphere. The unabsorbed excitation
light and photoluminescence emitted due to radiative recombinations in the NCs
are guided to an imaging spectrometer and detected with a CCD detector for
subsequent data analysis. The external quantum yield of PL is determined as
the ratio of the number of emitted photons (given by the integrated PL signal,
which is the increase of signal in the region of PL compared with that of a
reference sample comprising only the substrate) and the number of absorbed
photons (integrated decrease of signal from the excitation source). In both cases
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the PL intensity is divided by the appropriate photon energy:

QY =

∑
em.band

[Iem
Si (Eem)− Iem

ref (Eem)]C(Eem)/Eem

∑
ex.band

[Iex
ref (Eex)− Iex

Si (Eex)]C(Eex)/Eex
; (3.3)

Iem and Iex are the measured emission and excitation intensities for the Si NCs
and reference sample (denoted by subscripts ‘Si’ and ‘ref’). C is the correc-
tion for system spectral sensitivity, which has been separately determined with
a calibrated light source (see Section 3.4), and Eem and Eex are the emission
and excitation photon energies. The validation of the experimental procedure
and test on a reference sample can be found in Appendix A. It is important
to note that the value of external quantum yield determined with this method
acts as a lower limit. It is known from the literature that individual silicon NCs
with an internal quantum yield of ∼100 % are available [38], but non-radiative
recombination and effects such as photocharging and carrier trapping lower the
ensemble quantum yield. This also holds for multiphoton absorption, another
notorious source of error for quantum yield determination, as multiple electron-
hole pairs in a single nanocrystal will undergo fast Auger recombination [45] and
in this way lower the external quantum yield. The results obtained here for po-Si
were backed up by a comparative method, in which luminescence intensity was
compared with a standard (see Appendix A).

3.3 Error Analysis

3.3.1 Error for low absorption region

One part of the determination of QY of PL comprises optical detection of the ex-
citation intensity and lowering hereof upon introduction of an absorbing medium.
The difference between these two gives a measure for the absorption and can be
related to a number of absorbed photons. Since the excitation source will always
fluctuate, it is important to estimate the contribution of this effect on the error
of the calculated QY. This paragraph gives a mathematical description of this
error. We note that the analysis done here considers Gaussian statistics, which
are only valid for the region where there is little absorption.
The QY is determined by the ratio of the number of emitted and absorbed pho-
tons:

QY =
NPL

NAbs
. (3.4)

The number of absorbed photons is determined by the difference between the
intensity of the excitation source without NCs and that with NCs. It is assumed
that the fluctuations of the excitation light are Gaussian with an average intensity
µ1 and a standard deviation of σ1. Upon introduction of an absorbing medium,
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Figure 3.1: Experimental set-up for quantum yield determination. The excitation
source (xenon lamp with a monochromator, LED, or tunable OPO laser system)
excited the samples placed inside an integrating sphere. Homogeneously scattered
(within the sphere) emission and non-absorbed excitation light are guided by a
UV-grade optical fiber to an imaging spectrometer and registered by a CCD
detector.

the measured intensity drops to a new average µ2 with a standard deviation
determined by the relative error of the source

σ2 =
σ1

µ1
µ2. (3.5)

In this case the absorption of the medium is determined by the difference between
µ1 and µ2;

µAbs = µ1 − µ2, (3.6)

with the accompanying deviation given by

σAbs =
√

σ2
1 + σ2

2. (3.7)
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A part of the absorption will lead to emission; this part is determined by the QY

of PL. The PL signal is thus given by

µPL = QY µAbs, (3.8)

with uncertainty
σPL =

σ1

µ1
µPL. (3.9)

Since NPL ∝ µPL and NAbs ∝ µAbs, then combined with Eq. (3.4) we can derive
the following expression for the expectation value

µQY =
µPL

µAbs
, (3.10)

with an error given by

σQY = µQY

√
(
σAbs

µAbs
)2 + (

σPL

µPL
)2. (3.11)

Now using Eqs. (3.6-3.9) and substituting them in Eq. (3.11), we find that the
relative error in determination of QY is given by:

σQY

µQY
=

√
2σ2

1(µ
2
Abs − µAbs + 1)

µAbs
, (3.12)
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Figure 3.2: Relative error of QY in low absorption regime as function of excitation
source stability and the absorbed fraction of light. The continuous lines indicate
values of constant error
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Figure 3.3: Relative error of QY in low absorption regime for the xenon lamp.

and thus is only dependent on the fluctuation of the pump σ1 and the fraction of
absorbed excitation light µAbs.
Figure 3.2 depicts the error in determination of QY as a function of both these
parameters. The continuous lines show values of µAbs and σ1 for an error of 5,
10, 25 and 50%. In the low absorption region, it can be seen that the uncertainty
becomes quite large due instability of the excitation source. For the xenon lamp
(Hamamatsu L11033), values of the stability supplied by the manufacturer are
±0.2% with a drift of ±0.5% per hour. For relatively short integration times
the drift is not so important, but for the comparison of intensities of NCs and
substrate it is very much of importance, since there is a considerable time between
the two individual measurements. A typical value of the standard deviation of
intensity based on statistics of 100 individual measurements of the lamp intensity
yielded a value of σ1 = 0.0027, close to the specifications. By substituting this
value in Eq. (3.12) we get the dependence of the error on the absorption, as shown
in Fig. 3.3. It is obvious that the uncertainty of QY increases very steeply for
small values of µAbs putting strict constraints on the determination of QY in the
low absorption region.

3.3.2 Stray light, PL intensity, spectral sensitivity

In this section other sources of error are introduced and their contributions and
reduction thereof are qualitatively discussed.

1. Stray light: This is a problem for broadband excitation sources like the
xenon lamp. The monochromator providing selection of wavelengths used
for excitation can also pass other wavelengths, not in the intended region,
typically 10−4 for a single grating monochromator. The stray light can
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overlap with PL spectra of the emitting species, thereby introducing a false
notion of PL. Since the xenon lamp is a very bright source and PL intensity
can be quite weak, the relative contribution of stray light can be substantial.
While the experiment intrinsically removes the contribution of stray light,
since the spectrum of the reference substrate is subtracted from that of the
NCs, this is not necessary fully neutralized due to differences in reflectivity,
scattering or absorption of stray light between the sample and the reference.
The relative contribution of stray light to PL intensity can be estimated
relatively easy, since the xenon lamp has very distinct peaks in its spectrum.
Nevertheless it is advisable to reduce the stray light as much as possible,
for example by using a double pass monochromator.

2. PL intensity: The absolute PL intensity is very important and, especially
for thin films, can be very low. This limits accuracy of QY determination
in different ways; the contribution of stray light competes with PL and low
intensities require long integration times giving rise to more thermal noise
in the CCD. PL intensity is in general dependent on the type of NCs used,
but for the QY experiment it is always small on both sides of excitation
spectrum. For short wavelengths this is a result of limiting excitation in-
tensities available in this range. For longer wavelengths the absorption is
smaller, resulting in a lower number of excited NCs that contribute to the
PL.

3. Spectral sensitivity: The correction procedure for the spectral sensitivity
of the entire system, as explained in the next paragraph, is essential for
obtaining reliable results.

3.4 Spectral sensitivity calibration procedure

The entire system for QY determination needs to be calibrated for its spectral
sensitivity; i.e., the detection efficiency light detected as a function of the wave-
length. All components of the detection system have a certain spectrally depen-
dent efficiency and the combined response to light must be taken into account.
The broad spectral range over which the PL QY is determined makes this a rel-
atively complicated procedure. As the relative sensitivity of the entire system
varies over few orders of magnitude and will directly determine the final QY, it
is important that this is done very accurately. In the described experiments, two
light sources with calibrated spectral profile have been used to cover the entire
range: Oriel tungsten-halogen lamp (45 W) for the visible range and Newport
deuterium source (Model 63979, 30 W) for the UV. The documentation of the
tungsten-halogen lamp gives the spectral profile for wavelengths >250 nm, but
actually the intensity below 350 nm is to low for practical use, and it is advisable
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Figure 3.4: Typical spectrum of deuterium lamp between 200 and 400 nm (red
line) and by using glass to block light with wavelengths <280 nm (black line).
The blue line indicates the calibrated intensity.

not to use it below 400 nm. The lamp is placed 50 cm from the entrance of the
integration sphere and its spectrum is determined, IT (λ) (note that it is impor-
tant to have no direct light entering the optical fiber). The same procedure is
applied for the deuterium lamp, where ID(λ) is determined. Since the efficiency
of the entire system decreases rapidly for wavelengths shorter than 300 nm, it is
important to not only subtract the dark signal, but also determine the stray-light
signal as Fig. 3.4 shows the measured spectra for the lamp (red) and with a glass
plate used as a high pass filter, removing light with a wavelength below ∼280
nm. It can be seen that part of the intensity for shorter wavelengths is actually
a result of stray-light. A polynomial fit to this signal is subtracted from the orig-
inal measurement, to get the value of ID(λ). Dividing the calibrated intensity,
known for both lamps, by the determined IT (λ) and ID(λ) gives now the inverse
sensitivity, C(λ). For the experiment of measuring PL QY, it is only important
to have a relative sensitivity of the entire range. In practice the two ranges for
the different lamps will not match exactly (mostly due to instability of calibration
lamps), so the above notion allows to scale the ranges to match the two in the
region where calibration data is available for both lamps. In the region 350-400
nm, both lamps have enough intensity to have a good signal, making it the best
region for matching both ranges and getting the final C(λ). Fig. 3.5 shows the
experimentally determined spectral (inverse) sensitivity. It can be seen that the
sensitivity varies over 4 orders of magnitude. Around 600 nm the system has its
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Figure 3.5: Typical determined inverse sensitivity spectrum for PL QY setup.

maximum efficiency, which decreases for shorter and longer wavelengths.




