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Chapter 2

Methodology for investigations of

carrier multiplication

This chapter describes various experimental con�gurations which can be used to in-

vestigate carrier multiplication. Their individual advantages and disadvantages are

discussed. Moreover, the most important artifacts in the carrier multiplication de-

termination are considered in terms of their origin and in�uence. Also the ways

how to avoid them are explained. Finally, quantitative errors in photoluminescence

quantum yield measurements are considered.

2.1 Absolute photoluminescence quantum yield

2.1.1 De�nition of the absolute photoluminescence quantum yield

The CM can be observed by many experimental methods. Among these, estimation

in terms of PL QY is popular and reliable. In order to evaluate the application

potential of an optoelectronic material, determination of the absolute value of PL

QY, which shows the e�ciency of emission, is necessary. This parameter is de�ned

as the ratio between the total numbers of emitted photons Nem and the absorbed

photons Nabs:

PL QY =
Nem

Nabs
. (2.1)

PL QY relates the number of (optically) excited carriers to the number of pho-

tons generated upon their recombination. It is therefore of crucial importance for

optoelectronic applications. For PV, it is relevant for the so-called �solar shaper�.

In fact, the maximal terrestrial irradiance of the sunlight �air mass� (AM) 1.5 is

found around 2.5 eV, which is typically not coincident with the optimal energy for

conversion e�ciency of a solar cell. By using a solar reshaping layer, some partic-

ular photons in the poor e�ciency region are absorbed (negative e�ect), and other

photons are emitted with their energy in the high e�ciency range of the solar cell

(positive e�ect). The competition between the negative and the positive e�ects de-

pends on the PL QY of the solar shaper and the external quantum e�ciency of the

solar cell. A higher PL QY leads to a larger number of emitted photons, and the

conversion e�ciency of the solar cell might be boosted.
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2.1.2 Absolute photoluminescence quantum yield measurements

Figure 2.1: Setup used to measure the absolute PL QY in the current research. A

xenon lamp combined with a monochromator produces excitation in a broad range.

The excitation photons are guided via optical �bre 1, pass the high-pass (short-pass)

�lter and then excite the sample inside the integrating sphere. A ba�e is mounted

on the sample holder to prevent the emission of NCs directly reaching the second

optical �ber. Eventually all photons, including emitted and non-absorbed photons,

are transferred to a monochromator and recorded by a CCD camera. The inset

shows how to calculate the number of absorbed and emitted photons in excitation

and emission windows (the grey and pink areas, respectively).

Figure 2.1 illustrates the setup for the absolute QY measurements used in this

research. A xenon lamp (Hamamatsu L2273, 150 W) with a high stability is used to

produce the broad white light spectrum (from 0.6 to 6.0 eV). The speci�c excitation

energy is selected from this broad spectrum by a monochromator. After being

guided by optical �bre 1, the excitation photons go through a high-pass �lter which

cuts o� the low-energy shoulder of excitation, so that it does not contribute to

the detected PL. The sample is placed in an integrating sphere in order to collect

all the emitted photons in all directions, and scattering and re�ection e�ects are

corrected for. Furthermore, the emitted and unabsorbed photons are distributed

homogeneously inside this sphere, so that a speci�c position of the exit hole, where

�bre 2 is mounted, is not important. The ba�e prevents the photons emitted from

the sample directly entering �bre 2, so that they are re�ected by the sphere many
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times and distributed uniformly. For the PL measurements, a low-pass �lter is used

to block the excitation photons from entering the detector. Two di�erent gratings,

blazed at 400 and 700 nm, are used for excitation and emission windows, respectively.

The spectra of the unabsorbed photons and emitted photons are recorded by the

CCD camera - see the inset. The number of absorbed photons is determined in terms

of the area under the distribution curves of the unabsorbed photons measured with

the substrate and the sample inside the sphere, upon the same excitation conditions

(the grey part of the inset to �gure 2.1). The di�erence of these areas represents

the number of the absorbed photons. In the window where the PL spectra are

investigated (called emission window, the pink area), the substrate does not emit,

and photon distribution arises from the emission of the sample only; the area under

the emitted photon distribution (red region) re�ects the number of emitted photons.

2.1.3 Experimental procedure

The experimental setup depicted in �gure 2.1 contains a variety of components

whose optical responses are excitation dependent, e.g., the optical �bers and CCD

are more sensitive to photons in the visible (VIS) range than in the UV region,

the two gratings in the monochromator di�ract most e�ectively photons with two

particular blazing energies. Therefore, the correction needs to be applied for a broad

range of detection photon energy; the relevant curve is called the correction curve.

In the calibration measurements, tungsten and deuterium lamps were used. The

�rst lamp is used for measurements in the VIS and the NIR range, and the second

one is employed for the UV. The emission spectra of these lamps at a distance of 50

cm are provided by the manufacturer and are shown in �gure 2.2.

In order to obtain the calibration value for a detection energy ε, the emission spectra

of these lamps were collected in the setup. The response of the setup at this energy

is expressed by the formula:

R(ε) =
I0(ε)

N raw
ε

, (2.2)

where, I0(ε) stands for the intensity of the lamp with the photon energy between ε

and ε +∆ε, and Nrawε responds to number of counts obtained on the pixels of CCD

in the same energy range.

The correction curve was established for both excitation and emission windows, and

the results are shown in �gure 2.3. In panel a, the grey and red lines present the

response of the setup measured with deuterium and tungsten lamps, respectively,

in the excitation energy window. In �gure 2.2, the intensity of tungsten lamp is

very poor in the energy range above 3.5 eV, so the relevant correction curve is

only reliable below approximately 3.5 eV, while the deuterium lamp produces high

intensity and the reliable correction curve for photon energy above 2.8 eV. In fact,
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Figure 2.2: The irradiance of the deuterium lamp at the distance of 50 cm in the

excitation window, and the tungsten lamp in the emission and excitation windows

(the blue and red lines, respectively). The �rst lamp generates high intensity in the

high energy range, whereas the second one produces a strong spectrum in the VIS

and the NIR range.

in order to enhance the intensity for the deuterium lamp measurement, the light

collector was moved closer to the deuterium lamp, around 25 cm, while it was kept

at 50 cm for the tungsten lamp. Therefore the correction curves measured by the

two lamps were not in the same scale. These correction curves share the reliability

between 2.8 and 3.5 eV, so that the correction curve measured by the deuterium

lamp needs to be aligned with the one measured by the tungsten lamp in this range

(the black line). The correction curves presented on the logarithmic scale in �gure

2.3 show similar gradients, which validates the reliability of the measurement. In

the emission window (below 1.8 eV), a low-pass �lter with the edge at 1.75 eV was

used to block the excitation beam. The blue lines show the strong correction (low

sensitivity) at the edge.

Panel b shows the �nal correction curve of the setup. For the excitation window, the

black curve is kept for energy above 3 eV, and the part below 3 eV comes from the

measurement with the tungsten lamp. By using the correction curve, the number

of absorbed photons in the PL QY measurement can be calculated, as illustrated

in the subpanel in �gure 2.1. The excitation beam corresponds to photons with

energy from εexc−min to εexc−max. From equation 2.2, the unabsorbed intensity of



2.1. Absolute photoluminescence quantum yield 19

Figure 2.3: The correction curves for the setup in �gure 2.1. a): The correction

curve coming from the deuterium lamp (grey curve) in the excitation window is

multiplied with a certain factor to align with the correction curve originating from

the tungsten lamp in the same window (red curve): the blue curve is related to the

response of the system in the emission window, b): The �nal correction curve, after

removing the unreliable parts (see text for explanations).

the excitation beam in the substrate measurement is calculated by the following

equation:

Iunabssub =

∫ εexc−max

εexc−min

N raw
sub (ε)×R(ε)dε. (2.3)

The number of unabsorbed photons with energy between ε and ε +∆ε equals to

the intensity in this energy range (the expression under the integral) divided by

the photon energy ε. The total number of unabsorbed photons in the substrate

measurement is:

Nunabs
sub =

∫ εexc−max

εexc−min

N raw
sub (ε)×R(ε)

ε
dε. (2.4)

Similarly, the number of unabsorbed photons in the sample measurement is:

Nun.abs
sam =

∫ εexc−max

εexc−min

N raw
sam(ε)×R(ε)

ε
dε. (2.5)

Finally, the number of photons absorbed by NCs Nabs equals to the di�erence be-

tween Nunabssub and Nunabssam ; applying equation 2.4 and 2.5, we obtain:

Nabs =

∫ εexc−max

εexc−min

[N raw
sub (ε)−N raw

sam(ε)]×R(ε)

ε
dε, (2.6)

where Nrawsub (ε) and Nrawsam(ε) stand for the distribution of unabsorbed photons at

the photon energy of ε (not corrected by correction curve) of excitation light with
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the peak of ε recorded on the CCD with substrate and sample inside the sphere,

respectively, and R(ε) is the correction curve. Similarly, the number of emitted

photons is:

Nem =

∫ εem−max

εem−min

N raw
sam(ε)×R(ε)

ε
dε, (2.7)

where εem−min and εem−max stand for the lowest and the highest energy in the PL

spectrum of the sample. Nrawsam(ε) × R(ε) stands for the experimental PL spectrum;

in this case the substrate does not emit. Finally, the absolute PL QY is calculated

by equation 2.1.

2.1.4 Possible artifacts in the PL QY measurement, and solutions

to avoid them

2.1.4.1 Fluctuation of the excitation power

In the excitation window, the number of absorbed photons is calculated from equa-

tion 2.6. In other words, the number of absorbed photons is calculated from the

di�erence of the number of unabsorbed photons between substrate and sample mea-

surements under the same experimental conditions, i.e., the same alignment and

excitation power. Nevertheless, if the excitation power is not stable, the absorp-

tion can not be calculated precisely. The details of the relevant calculations will be

presented in section 2.4.

2.1.4.2 Artifacts due to calibration of the setup

For the tungsten lamp, the emission spectrum obeys the formula provided by the

manufacturer only when the temperature of the lamp �lament reaches the correct

operation value. This is due to the strong temperature dependence of the black

body emission spectrum. Some factors which can possibly a�ect the temperature of

the �lament are:

• The warming-up time: The thermal equilibrium between the lamp and the

environment can be obtained only after a certain delay time; in our case this

is around 15 minutes. By using a too short warming up time, the working

temperature is not stable and does not reach the designed value.

• The electric current on the lamp: This is the most important factor to

ensure the correct temperature of the �lament. For the tungsten lamp, the

standard current is set to 6.5 A, and the voltage between the two electrodes

of the lamp can be around 7.3 V, if the contacts between lamp electrodes and

cables are good. In case that the current is not set to the correct value, a

wrong temperature and a wrong emission spectrum of the lamp are obtained.
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• The ambient around the lamp: the space around the lamp is very impor-

tant. The stability and value of the lamp temperature are derived from the

heat equilibrium between the lamp �lament and the environment. During the

measurement, the stability of the lamp temperature is controlled by the sta-

ble electric current, and the temperature is correct if there are not too many

objects close to the lamp. If there are many objects close to the lamp, they

a�ect the heat dissipation rate to the ambient, and the temperature is higher

than the required value; consequently the radiation spectrum does not match

the formula any more. In addition, if the illuminated objects emit PL upon

excitation by the calibration lamp, the total emission spectrum is deformed.

For the deuterium lamp, the operating current is controlled by the power supply at a

certain value and can not be changed manually. For the same reasons as mentioned

above, the environment around the lamp is essential.

2.1.4.3 Alignment error

The absolute value of PL QY is sensitive to the alignment of the setup, especially

for samples with low absorption. The substrate and the sample need to be aligned

exactly in the same way to ensure identical measurement con�gurations. When the

alignment for the sample and substrate measurements are not identical, the PL QY

will be estimated incorrectly. Here are some common mistakes:

Figure 2.4: Two common mistakes in the PL QY measurements. a): The sub-

strate/sample is perpendicular to the excitation beam or b): The ba�e does not

screen the emission (the red arrow) of the sample to directly enter the exit hole of

the sphere.

In the con�guration depicted in �gure 2.4a, the excitation beam is re�ected by the
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surface of the sample/substrate back to the entrance hole of the sphere; in this case

the re�ection contributes strongly to the photon loss which is erroneously taken for

absorption, thus overestimating it. This mistake can in�uence very strongly the PL

QY value for a sample with a low absorption fraction. In addition, a di�erence of

the re�ection between a sample and a substrate leads to a di�erent photon loss, and

to a further error. In the con�guration b, there is no photon loss due to re�ection,

however the emitted photons reach directly the exit hole where the optical �ber is

mounted; therefore the number of emitted photons will be overestimated, while the

number of absorbed photons is evaluated correctly. Consequently, the absolute PL

QY is overestimated.

2.1.4.4 The emission of the integrating sphere

Figure 2.5: Illustration how to extract the pure PL of carbon dots from the PL spec-

trum measured within an �emitting� integrating sphere. The emission of a Newport

integrating sphere during the substrate measurement Iεem,spheresub.meas. , with the peak around

2.6 eV (olive line). The substrate is a quartz plate without emission. When the sam-

ple is placed in the sphere, ensemble emission Iεem,ensemblesam.meas. (black curve) of both pure

PL of the sample Iεem,puresamplesam.meas. and of the sphere Iεem,spheresam.meas. (blue line) are obtained.

After correcting, the pure emission of the sample (red line) is obtained.

In the high excitation energy range, the emission of the integrating sphere may

appear. In our experiment, we investigated this possibility and emission from the
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Newport integrating sphere was recorded. A broad emission with its spectrum peak-

ing around 2.6 eV was found. For the number of absorbed photon, the transmitted

photon number is evaluated correctly because the calibration curve already corrects

for the absorption of the sphere. Therefore if the emission range of the sample is

coincident with the sphere emission, the PL QY would be overestimated. We pro-

pose a solution to correct for the emission of the sphere by the following procedure:

Figure 2.5 shows PL spectrum of carbon dots which emit around 2.8 eV, close to

the peak of the sphere emission. For the substrate measurement, the spectrum of

emission from the sphere is shown with the olive line upon the excitation intensity

Iεexcsub,meas.. We assume that the absorption of the substrate is not signi�cant, and

Iεexcsub.meas. is also the excitation intensity hitting the sphere wall, and leading to its

emission.

When the sample is placed inside the sphere, the measured PL spectra include both

emission of the sphere and of the sample. Some photons of the excitation beam are

absorbed by the sample and produce the PL spectrum of the sample. The remaining

photons hit the sphere wall for the �rst time with intensity Iεexcsam.meas.:

Iεexcsam.meas. = Iεexcsub.meas. × T (εexc) (2.8)

where T(εexc) is the transmittance of the sample at the excitation energy εexc. Fol-

lowing that, the unabsorbed photons can be re�ected many times on the sphere.

The emission of the sphere is proportional to the excitation intensity hitting the

sphere wall, therefore the emission of the sphere for the sample measurement would

be lower than for the substrate measurement Iεem,spheresub.meas. T times. For the sample mea-

surements, the ensemble PL spectrum Iεem,ensemblesam.meas. comes from both PL of sample

Iεem,puresample) and that of the sphere Iεem,spheresam.meas. :

Iεem,ensemblesam.meas. = Iεem,puresamplesam.meas. + Iεem,spheresub.meas. × T (εexc). (2.9)

Finally, the pure intensity of PL spectrum of the sample is:

Iεem,puresamplesam.meas. = Iεem,ensemblesam.meas. − Iεem,spheresub.meas. × T (εexc), (2.10)

where T(εexc) is measured independently in a Perkin Elmer 950 spectrometer.

2.2 Relative photoluminescence quantum yield measure-

ments

The absolute PL QY is measured with the setup depicted in �gure 2.1 and, as

discussed, some artifacts signi�cantly in�uence the accuracy. Due to multiple re-

�ections by the sphere, the emitted photons are homogeneously distributed on the

sphere wall. Eventually, only a small portion of the total number of emitted photons
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is collected by the optical �bre, whose cross-section is much smaller than the total

area of the sphere. Consequently, the signal-to-noise ratio is very poor. The solu-

tion is to increase the exposure time, but the maximal integration time of the CCD

is limited, and the dark current of the CCD also accumulates for a long exposure

time. Also the �uctuations of the excitation power signi�cantly a�ect the accuracy

of PL QY determination for low absorbing samples. To improve this situation, the

following changes have been applied. (Note that in this way, only relative PL QY

can be obtained.)

2.2.1 Using an integrating sphere in combination with a Ge detec-

tor

Figure 2.6: The setup to investigate the number of emitted photons using an inte-

grating sphere and a germanium detector. A chopper produces a �xed repetition rate

of the excitation beam. The information on this frequency is transferred to a lock-in

ampli�er to synchronize with the signal from the germanium detector; eventually the

signal-to-noise ratio is enhanced. A high-pass �lter is put at the sphere entrance to

exclude the shoulder of the excitation peak. Another �lter, namely low-pass �lter, is

put in front of the detector to block the excitation from reaching the detector. The

number of the absorbed photons is measured in the setup depicted in �gure 2.1.

2.2.1.1 Description

The setup shown in �gure 2.6 is similar to that for the absolute PL QY measurement.

It is used to measure only the number of emitted photons, while the number of
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absorbed photons is measured on the previously described setup, using the same

analysis. In the new setup, a chopper is used to modulate the excitation beam. The

modulation frequency is synchronized with a lock-in ampli�er of the Ge detector.

The thermal noise of the Ge detector is reduced by cooling with liquid nitrogen.

This noise, as well as other noises appearing in the system, are of random frequency

and are �ltered out by the lock-in ampli�er which ampli�es only the signal from the

detector with the same reference frequency; in that way the signal-to-noise ratio is

signi�cantly enhanced.

2.2.1.2 Possible artifacts

• Spectral shift: For the setup with the germanium detector and without the

monochromator, the sensitivity of the detector is wavelength-dependent. The

signal of the detector can be written as:

Is(εexc) =

∫
PL

S(εem)×PL(εem)×dεem =

∫
PL

S(εem)×A(εexc)×H(εem)×dεem,

(2.11)

where S(εem) stands for the sensitivity of the detector, PL(εem) is intensity of

luminescence at the energy εem, A(εexc) is amplitude of PL upon the excitation

energy εexc, and H(εem) is the function describing the spectrum of the PL.

If the shape of the PL spectrum does not change, then the signal on the

detector is proportional to the amplitude of PL, and to the number of emitted

photons. However, if the PL spectrum changes, the variation of the product

S(εem)× H(εem) can change the signal on the detector; then the signal is not

proportional to the total number of emitted photons any more.

• Interference of the excitation photons: The germanium detector, in fact,

is not very sensitive in the excitation range, especially with the low-pass �lter

reducing the e�ect of the excitation photons. However, for a low-emission-

e�ciency sample, the e�ect of the excitation on the detector might be compa-

rable to that of the emitted photons. In result, the number of emitted photons

is overestimated. Furthermore, although the shoulder of the excitation peak is

�ltered out by the high-pass �lter, the transmittance of this �lter at the exci-

tation energy is not 0%, and a small number of the photons from the shoulder

of the excitation beam could pass the �lter and contribute to the signal of the

detector, thus overestimating PL. Therefore it is essential to use good �lters,

with carefully checked characteristics.
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Figure 2.7: Two setups to measure the relative PL QY without the integrating sphere.

a): A setup similar to that in �gure 2.6 except for the integrating sphere and lenses.

Because of the larger area to collect the emitted photons, the signal in this setup is

much better than with the integrating sphere. b): A similar setup, but with a spec-

trometer including a CCD and a monochromator is used instead of the germanium

detector, so that the lock-in detection is not necessary.

2.2.2 Setup without the integrating sphere

2.2.2.1 Description

In the previously described setup of �gure 2.6, only a small number of emitted

photons were collected on the �ber and sent to detector, but the signal-to-noise is

much better than for the �rst setup, due to the lock-in ampli�er. However, the

�uctuation of the pump in�uences the excitation, and decreases the accuracy of the

measurement. Therefore, two di�erent con�gurations are proposed, as depicted in

�gure 2.7. The setup in panel a) has the same excitation and detection part as that

in �gure 2.6, but the sphere is not used and the collection part with the lenses is

employed. In this setup, the signal amplitude can be improved: the higher the lens

aperture is, the more emitted photons can be collected. Comparing to the previous

setup, the signal on the detector is much higher. In order to estimate the number

of absorbed photons, we use the formula:

Nabs(εexc) =
P (εexc)×ABS(εexc)

εexc
, (2.12)

where εexc is the excitation photon energy, P(εexc) and ABS(εexc) are excitation

power and absorption fraction of the sample at the excitation energy εexc.

The absorption fraction is independently measured with a Perkin Elmer Lambda

950 spectrometer with an integrating sphere, to correct for scattering. For a better
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accuracy, this spectrometer uses a dual beam mode, the beams are referred to as ref-

erence and sample beams, respectively. The transmittance of the sample comes from

two measurements: in the �rst measurement, the �baseline� is established without

the sample, while in the second one, the sample measurement, the signal is recorded

with the sample and compared to the baseline measurement. The excitation intensi-

ties in the baseline and sample measurements may be di�erent because of excitation

power �uctuation; this error is compensated by monitoring the intensity of the ref-

erence beam in the two measurements. The re�ection measurement is also carried

out in the same way, but with the sample placed at the back side of the sphere, see

�gure 2.8. Finally, the absorption fraction is evaluated using both transmission and

re�ection measurements.

Figure 2.8: Illustration for a): transmission and b:) re�ection measurements in the

Perkin Elmer Lambda 950 spectrometer. The reference beam is not presented. An

integrating sphere with a near 100% re�ecting coating is used to correct for scattering.

The con�guration in panel b) is similar to that in panel a) except for the position of

the sample. A photon multiplier tube and a PbS detector at the bottom of the sphere

are used to detect photons in VIS and NIR ranges, respectively.

2.2.2.2 Possibe artifacts

• Misalignment: For the setup in �gure 2.7, the alignment is very important.

The light is guided via an optical �ber whose refractive index varies with the

photon energy; consequently the aperture of the beam changes upon excitation

energy, critically in�uencing the optical alignment. Therefore, the excitation

spot on the sample surface might change in both size and position, leading to

a misalignment, see �gure 2.9a. To correct for this, a mask with a small hole is

put in front of the sample, so that the excitation light passes through it before

hitting the sample. In �gure 2.9b, the excitation spot is �xed by the hole

in the stationary mask and the same alignment is ensured for all excitation

energies.
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Figure 2.9: a): The excitation spot could change in both size and position with the

excitation energy, from purple to red. The second �gure shows the front view on the

sample surface, the purple and red spot are neither overlapping nor have the same

diameter: a misalignment occurs (right �gure). b): The con�guration in which a

mask with a small pinhole is mounted in front of the sample. The pinhole is aligned

to make sure that the two spots overlap, and now the excited spot does not change

(pink color); the alignment is maintained regardless of the excitation energy.

• Spectral shift: For setup on �gure 2.7a, this artifact is similar to that in

�gure 2.6. See the section 2.2.1.2.

2.3 Induced absorption spectroscopy and relative pho-

toluminescence quantum yield

2.3.1 Illustration of an experimental setup for induced absorption

spectroscopy

PL measurement is typically too slow to provide information on the fast dynamic

process of carriers, such as AR, cooling process in the ps time scale, etc. For this

purpose, the transient absorption spectroscopy, also called IA spectroscopy, is typi-

cally employed. The IA measurements used in this research are illustrated in �gure

2.10.

The fundamental laser beam is produced by Yb:KGW oscillator (Light Conversion,

Pharos SP) at 1.2 eV and ampli�ed with the repetition rate of 5 kHz and a pulse

duration is 180 fs. Hitting a semi-transparent mirror, the laser beam is partly re-

�ected and produces the probe beam. One part of this beam passes the transparent

mirror and comes to an optical parametric ampli�er (OPA) and a second harmonic

module (Light Conversion, Orpheus) to generate the variable pump beam (0.83 -

3.54 eV).The probe beam goes to the delay track, re�ecting many times on the mir-

rors of this stage. Changing the distance between these mirrors can tune the probe

delay up to 3 ns. The probe pulse then excites a sapphire crystal to generate a

broad spectrum (0.78 - 2.48 eV), or a CaF2 crystal (2.1 - 3.3 eV). Finally, the broad

range probe is sent onto the sample. The transmitted light is re�ected on a mir-
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ror and collected by the spectrometer. The transmission spectra are recorded by a

CCD camera (Ultrafast Systems, Helios). The pump is guided to a variable neutral

density (ND) �lter to change its power. A chopper is used to obtain the repetition

frequency for the pump beam. The laser beam from the OPA has a frequency of 5

kHz, the chopper is synchronized to ensure that only every second laser pulse comes

to the sample. So that the frequency of pump laser is two times lower than that of

the probe. The temporal dependences for pump and probe lasers are presented in

the panel of �gure 2.10. Finally, the pump overlaps with the probe on the sample.

Figure 2.10: Transient absorption setup used in this research: The fundamental

laser, with the pulse duration around a few fs, hits on the semitransparent mirror,

the re�ected beam is used for the probe, and the transmitted beam goes to the OPA

which can convert the photon energy: the pump beam is produced. The pump beam

passes the chopper and then goes to the sample. The delay time between pump and

probe pulses is controlled by the delay track. The distance between the mirrors of

this stage changes the delay time. Finally, the probe beam overlaps with the pump

beam on the sample, and the transmitted light goes to a monochromator and a CCD.

The repetition frequency of the probe beam is identical to that of the laser and that

of the pump is twice lower.
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2.3.2 Relation between induced absorption and the relative pho-

toluminescence quantum yield

2.3.2.1 The analysis procedure

The IA spectroscopy is a method to investigate the absorption of the excited carriers

- the free-carrier absorption. In the setup, the �rst laser pulse, called the pump

pulse, is used to excite electrons from the valence band to the conduction band.

After a certain delay time, the second laser pulse (probe) interacts with the free

carriers. The amplitude of IA is calculated based on the variation of probe intensity

as measured with and without the pump. Changing the delay time, the amplitude

of IA also changes and the dynamics of free carrier absorption is obtained. The

formula for IA at delay time tdelay is:

IA(tdelay) = log

(
Ino pumpprobe

Iwith pump
probe

)
, (2.13)

where Iwith pump
probe and Ino pumpprobe stand for the intensity of the probe beam with and

without the pump, respectively. From equation 2.13, Ino pumpprobe /Iwith pump
probe re�ects the

loss of probe intensity when the sample has been excited by the pump, i.e., when

the free carriers were generated. This value is proportional to the number of free

carriers. This, in turn, is proportional to the number of emitted photons in the

PL measurements (in the low power linear regime, when cooperative e�ects may be

neglected). In that way, if IA is normalized by the number of absorbed photons, the

relative QY of PL at a particular pump energy can be obtained.

2.3.2.2 Common artifacts and solutions

• The pump power �uctuation: similar to the PL QY measurement, the

stability of the excitation source is very important. In addition, for PL QY

estimation from the IA measurements, the linear excitation regime must be

maintained. This means that not more than a single pump photon per NC can

be absorbed, and the IA dynamics needs to be excitation power independent.

In our research, several di�erent pump powers have always been applied to

validate the linear regime. In that case, the IA dynamics should be identical

(see also a detailed discussion further in this thesis - chapter 4). The stability

of the pump is crucial to ensure that the trace shape is correct. In the next

step, the relative PL QY upon a certain pump energy is investigated in terms

of the amplitude of IA at the certain delay time, and then normalized for the

number of absorbed photons. For each pump energy many power levels can

be applied to reduce the statistical error. For that the power of the pump is

monitored on a longer time scale to evaluate �uctuations.
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• The inhomogeneity of the pump beam: in the IA setup, no integrating

sphere is used (as for the PL QY setups). However the probe beam is �xed for

all excitation energies and its spot size is much smaller than that of the pump

beam. The number of absorbed photons is calculated from the excitation

power on the overlap area between pump and probe. This power is measured

when the folding mirror is activated: the pump beam is guided to a small pin

hole which has the same diameter as the probe beam on the sample surface,

and then to the power meter to evaluate the power. The measurement is

reliable if the pump beam is homogeneous, i.e., the power on the overlapped

area is proportional to the power measured on the power meter.

2.4 Estimation of errors in photoluminescence quantum

yield determination

2.4.1 The absolute photoluminescence quantum yield measurement

The relative PL QY error evaluation, including relative statistic and relative sys-

tematic errors, are obtained from reference [75]:

τ =
αn
η

=

√(
αNem

Nem

)2

+

(
αNexc

Nexc

)2

+

(
αSR
SR

)2

, (2.14)

where αNem
Nem

, αNexc
Nexc

and αSR
SR

re�ect the relative statistical error for the number of

emitted photons, number of absorbed photons and the calibration curve measure-

ments, respectively. In this study, for each excitation energy a di�erent error caused

by �uctuation of the excitation intensity is taken into account. This error is cal-

culated for excitation and emission windows. Absorption of the substrate is much

smaller than that of the sample, and is ignored.

In the excitation window: the number of photons detected when the (reference)

substrate and the sample are placed inside the integrating sphere is calculated as,

respectively:

Nsub = I0S, (2.15)

Nsam = I0(1± β)(1− α)S = I0S(1− α)± βI0(1− α)S, (2.16)

where I0, S, α, β are excitation light intensity, the sensitivity of the system, the rela-

tive absorption of the sample, and the relative �uctuation of the excitation intensity,

respectively. I0(1 ± β) is the excitation illumination on the sample. The �uctuation

β is derived from deviations of excitation intensity measured over a period of three

hours. The number of photons absorbed by the sample is:
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Nabs = Nsub −Nsam = I0αS ± βI0(1− α)S, (2.17)

where I0αS and βI0(1 - α)S stand for the expected number of absorbed photons and

its uncertainty due to the excitation �uctuation β, respectively.

In the emission window: the number of emitted photons has the same relative

error as the relative excitation �uctuation β, because the measurements are con-

ducted under low excitation intensity. The relative error upon excitation intensity

�uctuation is calculated as follows:

From the formula 2.1 of PL QY:

log(PL QY ) = logNem − logNabs. (2.18)

Taking the derivative of (2.18), we get:

d(PL QY )

PL QY
=
dNem

Nem
− dNabs

Nabs
. (2.19)

The relative error of PL QY can be derived from (2.19) as:

τ2 =
∆PL QY

PL QY
=

∆Nem

Nem
+

∆Nabs

Nabs
. (2.20)

Then the relative error of PL QY due to unstable excitation β is obtained by in-

serting (2.17) in (2.20):

τ2 =
∆PL QY

PL QY
= β +

βI0(1− α)S

I0αS
=
β

α
, (2.21)

where ∆ stands for the absolute uncertainty. Finally, the total error includes statistic

and systematic errors, and the �uctuation of the excitation intensity:

τ =
√
τ21 + τ22 =

√(
αNem

Nem

)2

+

(
αNexc

Nexc

)2

+

(
αRS
SR

)2

+

(
β

α

)2

. (2.22)

2.4.2 The relative photoluminescence quantum yield measurement

From (2.22), β/α represents the in�uence of the �uctuation of the excitation power

and absorption of the sample on the error bar of PL QY. If the excitation power

�uctuation is comparable to the absorption fraction, the PL QY can not be deter-

mined.

For the relative PL QY setup, the absorption fraction is measured inside the Perkin

Elmer spectrometer with the dual beam mode, where the �uctuations of the excita-

tion are compensated, and therefore β in (2.22) almost vanishes.

For the setup in which the relative absorption is measured inside the sphere, the
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number of emitted photons is evaluated by a germanium detector. In this case, the

error originating from the �uctuation of the excitation still contributes in the en-

semble error, but the systematic error of the setup does not appear for the emission.

The error bar of PL QY measured in this setup is reduced signi�cantly, and the

signal-to-noise ratio is enhanced by the lock-in detection

2.5 Conclusion

A variety of setups for PL QY measurement as well as their advantages, disadvan-

tages and the relevant error estimations are discussed. Each setup is suitable for

di�erent particular conditions, depending on the properties of the samples, the exci-

tation range, and the required accuracy of the measurement. In order to investigate

PL QY in a broad excitation energy range, each setup should be applied in its best

accuracy region, and these results should then be combined with each other.




