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Experimentals

Sizzen is neat dwaan is in ding

Myn heit

The details on the Si NCs samples investigated in this research described in the

thesis are presented. Furthermore, the spectroscopic techniques which are used in

order to optically characterize these samples are discussed. This chapter is divided

into sections �Photoluminescence� and �Absorption�, explaining the di�erent exper-

imental approaches; for each of these, speci�cations of excitation and detection are

elaborated on.
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2.1 Samples

The Si NC samples used in this study are fabricated using radio-frequency co-

sputtering method where Si and SiO2 were simultaneously deposited in Ar gas of

0.5 Pa (background pressure of 5×10−6 Pa) using a single target sputtering appara-

tus [48]. The substrate is a fused-quartz plate (with a large energy gap), on which Si

was sputtered originating from p-type Si chips (with volume resistivity % = 10 Ωcm

and [B] = 1015 � 1016 cm−3) with size 5 × 15 × 0.5 mm placed on top of a SiO2

target. With a deposition rate of 50 nm/min, several cycles of deposition resulted

in a thickness of the sputtered �lm of either 1 µm or 700 nm. The SiOx (with x < 2,

i.e. Si-rich SiO2) �lms were annealed in a tube furnace purged with N2 gas at tem-

perature range 1100 � 1250 °C for 30 minutes. The annealing procedure assures also

that practically no H is contained in the �lms, as veri�ed by IR absorption [49]. The

good crystal quality of the Si NCs is evidenced using scanning transmission electron

microscope (STEM) technique, as demonstrated in Fig. 2.1(a), where the Si (1 1 1)

lattice fringes can be observed. The STEM picture also evidences the high density

of NCs, which results in a small average distance between di�erent dots. The NCs

have a relatively narrow log-normal size distribution with σ ≈ 19 %, similar for all

samples used in the experiments (see Fig. 2.1(b)).

Figure 2.1: a) STEM image for Si NCs embedded in a SiO2-matrix, demonstrating
the presence of �spherical� Si crystalline structures (with an average diameter of
dNC = 5 nm) by Si (1 1 1) lattice fringes. b) Demonstration of the relatively
narrow size log-normal distribution with σ ≈ 19 % for NCs with an average size of
dNC = 2.7 nm. c) PL peak energy versus average diameter of Si NCs. Solid circles
represent the results reported in Ref. [48]. Previous experimental results are taken
from Refs. [49] and [50] (©), Ref. [51] (×), Ref. [52] (4), and Refs. [53] and [54]
(5). In the inset, an HRTEM image is shown of a Si NC with size dNC ≈ 3 nm.

Figure 2.1(c) shows the PL peak energy at room temperature as a function of the size,

as determined with high-resolution tunneling electron microscope imaging (HRTEM
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� see inset for 3 nm-sized Si NCs). Using this dependence, the average NC size (and

distribution) can be determined from PL characteristics [54]. The solid circles rep-

resent the results for samples produced in a similar way as those used in this study.

For comparison, results are shown for surface-oxidized Si NCs prepared by di�erent

techniques, i.e., co-sputtering of Si and SiO2 (©) [49, 50], plasma decomposition of

silane gas and subsequent oxidation (×) [51], oxidation of aerosol nc-Si (4) [52] and
Si ion-implantation into SiO2 (5) [53, 54]. The band-gap energy of bulk Si crystal

is indicated by the dashed line. Evidently, in spite of di�erent preparation methods,

the wavelength of the maximum PL intensity gradually shifts to higher energies in a

wide range upon Si NC size decrease. These results demonstrate that the PL energy

of O-passivated Si NC varies from the vicinity of the bulk band gap to EPL ≈ 1.9

eV with decreasing the average NC size from dNC ≈ 9 nm to dNC ≈ 1 nm.

2.2 Photoluminescence

2.2.1 Excitation setups

2.2.1.1 Nd:YAG pumped optical parametric oscillator

As a high-power (∼ mJ/pulse) widely tunable nanosecond pulsed (f ≈ 100 Hz) ex-

citation source, a Nd3+:YAG-pumped optical parametric oscillator (OPO) has been

employed. The Nd:YAG laser is a solid-state laser type, pumped by a Xe �ashlamp,

and operated in the Q-swithing mode to achieve a pulsed system. The latter em-

ploys an optically anisotropic crystal (i.e. Pockels cell) by which the transmittance

of a linearly polarized wave can be tuned upon applied electric �eld. In this way

the poor lasing performance of the gain medium is overcome, as the Pockels cell

is opened when maximum population inversion is reached, by which the light wave

can run through the cavity, and the excited laser medium gets depopulated. The

fundamental wavelength of the laser is λF = 1064 nm, which in this con�guration is

subsequently converted to the third harmonic (λTH = 355 nm) by non-linear mixing

with the second harmonic (λSH = 532 nm) via the relation ωTH = ωF +ωSH , where

ωTH is the the frequency corresponding with the third harmonic, and ωF and ωSH
with the fundamental and the second harmonic, respectively. The spectrally broad

excitation range is then generated by passing the beam through an OPO, where

by means of a non-linear (beta-barium borate � BBO) crystal the energy of the

third harmonic photons is split into two separate beams, the signal (with frequency

ωs), and the idler (with frequence ωi). By changing the geometric position of the
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BBO crystal, and therefore the incidence angle of the incoming beam, the respective

energies (i.e. frequencies) of the signal and idler can be tuned where conservation

of energy (ωTH = ωi + ωs) and momentum (k = ki + ks) needs to be satis�ed; the

signal and idler are orthogonally polarized with respect to each other. The setup

comprises two di�erent OPOs and second harmonic generators (SHG), where the

latter components enable doubling of the signal (or idler) outputs by means of a non-

linear e�ect, resulting in excitation photon energies within the UV spectral range.

In this way, a total excitation wavelength range of λexc = 210 � 2480 nm is achieved

� see Fig. 2.2 (a) for a schematic illustration of the excitation setup.

Figure 2.2: Excitation sources for PL experiments. a) Experimental setup compris-
ing of pulsed (∆t ≈ 7 ns) Nd:YAG pumped OPOs operating at f ≈ 100 Hz. The
third harmonic of the laser λexc = 355 nm is used to pump an OPO, which converts
it into a signal and an idler, with frequencies dependent on the incidence angle of
the BBO crystal with respect to the incoming beam. In this way, spectral cover-
age of λexc = 210 � 2480 nm is achieved. The speci�c ranges of signal and idler
are indicated with the pathways, as are the respective polarizations (see arrows).
Behind each OPO, a Glan Thompson prism (GT) allows for selection of a speci�c
polarization, by which signal and idler are easily separated. The SHG components
can convert either signal or idler (in case of SHG II) into the double of the incoming
frequency by a non-linear crystal. In case of conversion of the idler (SHG II), a
λ/2-plate is implemented to rotate the polarization by 90°, which is necessary for
the most e�cient frequency doubling. b) A mode-locked Ar+-laser operating at
λexc = 514 nm and f ≈ 76 MHz with a typical pulse duration of ∆t ≈ 70 ps, pump-
ing a DCM dye laser, by which excitation wavelength is converted to λem = 646 nm,
with a typical pulse width of ∆t ≈ 2 ps. A cavity dumper (CD) inside the dye laser
cavity down-converts the repetition rate by a factor two, and another externally po-
sitioned one by another factor of 10, resulting in a �nal output frequency of f ≈ 3.8
MHz. The operation scheme of the CD is depicted in the grey square, where the
white rectangle represents the radio-frequency pumped acousto-optic crystal.

2.2.1.2 Ar+-pumped dye laser

The argon-ion (Ar+) laser features a sealed cavity containing the laser medium and

mirrors forming a Fabry-Pérot resonator, where the lasing medium consists of ion-
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ized gas. By means of the mode-locking technique based on the natural bandwidth

of the lasing medium, the laser can be converted from its continuous mode into

a pulsed high-repetition rate excitation source. In case of the Ar+-laser, this is

achieved by active mode-locking where an acousto-optic device de�ects light out of

the cavity, based on light di�raction by sound waves in the crystal. Its resonance fre-

quency requires accurate matching with the driving frequency of the laser, resulting

in a repetition rate of f ≈ 76 MHz and a pulse width ∆t ≈ 70 ps (λexc = 514 nm).

The Ar+-laser provides high power pumping for a DCM dye laser (with emission

wavelength λem ≈ 646 nm, and ∆t ≈ 2 ps) with a cavity length adjusted to that of

the former, by which photon round trips of both systems are fully synchronized. In

combination with a cavity dumper, comprising an acousto-optic crystal, the repeti-

tion rate is down-converted to f ≈ 3.8 MHz, increasing the time interval between

consecutive pulses to ∼ 260 ns. The acousto-optic crystal in de cavity dumper is

pumped by a radio-frequency signal at the desired output frequency, by which the

beam is de�ected by a small angle and, via a prism, directed out of the cavity. As the

power of pulses within the pulse train remains within the cavity, it accumulates and

is released in the individual cavity-dumped pulses, resulting in a high optical output

power. The latter feature is a necessary requirement for frequency doubling, where

the λem ≈ 646 nm emission is converted into UV λem ≈ 323 nm by a non-linear

(BBO) crystal (see Fig. 2.2(b) for a scheme of the setup).

2.2.2 Detection

2.2.2.1 Time-integrated photoluminescence detection

For spectral registration of the PL signal from the excited sample, a one-stage

thermoelectric-cooled charge coupled device (CCD � Hamamatsu S10141 � 1108S,

λdet = 200 � 1100 nm) is employed. The PL signal is collected into a spectrograph

for dispersion of the incoming light, whose range and resolution can be selected by

di�erent gratings, and then projected onto the CCD camera. The CCD camera

consists of a array of MOS junctions on a doped Si substrate, where each capacitor

accumulates an electric charge proportional to the light intensity at that location,

which then is converted to a voltage. The incorporation of speci�c high-pass �lters

eliminates laser and/or higher order contributions within the spectrograph. As a

result of the one-dimensionality of the device, only spectral information of the PL

signal is resolved, and monitoring of time-resolved data requires a di�erent detection

technique.
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2.2.2.2 Time-resolved photoluminescence detection

Time-resolved registration of PL signal as discussed in this thesis is achieved by

di�erent photomultiplier tubes (PMTs), with di�erent detection ranges and temporal

characteristics.

� A thermoelectrically cooled PMT (Hamamatsu R9110) with detection range

λdet = 185 � 900 nm and temporal resolution τres &1 ns;

� A thermoelectrically cooled microchannel-plate PMT (Hamamatsu R3809u-

52), with detection range λdet = 160 � 650 nm, and temporal resolution τres & 25

ps;

� A NIR PMT in a nitrogen �ow cooled housing (Hamamatsu R5509-73), with

detection range λdet = 300 � 1700 nm, and time response τres & 3 ns.

Especially in the latter case, where the detected photon energies are relatively

low, the detector requires cooling to liquid nitrogen temperature in order to avoid

thermionic emission which gives rise to dark current. The registration of photonic

signal by a PMT is based on photoexcitation of electrons on a cathode plate, which

are then accelerated by a high voltage onto consecutive dynodes, where each time

q secondary electrons are released. This technique of internal ampli�cation of the

photocurrent using secondary-electron emission allows for high sensitivity detection

of low light levels, so that single photons can be monitored. The temporal in-

formation is resolved by incorporation of the PMT into a time-correlated (single)

photon counting (TC(S)PC) con�guration, where resolution is determined either by

the pulse duration of the excitation source or, in case of an ultrafast pulsed laser

system, by the detector response time (τres ≈ 25 ps). In the TC(S)PC approach,

the excitation pulse is detected by a photodiode prior to excitation of the sample,

which then triggers a time-to-amplitude converter or multiple-event time digitizer

(Fast Comtec P7887). As a result of linear build up of a voltage ramp, the arrival

time of the incoming (single) photon originating from the sample (detected with

the PMT) � which stops the voltage build up � is accurately determined. In

this way, the detected photons will give a statistical temporal distribution of the

photons emitted by the sample. These are divided into di�erent channels, 4096 in

total in case of the picosecond Ar+-laser setup � where 1.25 ps/bin corresponds

with a ∼ 5 ns time window, with a maximum of ∼ 50 ns (with 12.5 ps/bin), while

in the Nd:YAG pumped laser system, the time window can be varied from 32 ns

to 68.7 s range with a minimum of 250 ps/channel. Dependent on the dead time
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of the detector, the repetition rate and pulse duration of the excitation source, the

number of registered photons per pulse is either less (with repetition rate f ≈ 3.8

MHz, pulse width ∆t ≈ 2 ps, and dead time τdead ≈ 2.5 ms) or more than one (with

repetition rate f ≈ 100 Hz, pulse width ∆t ≈ 7 ns, and dead time τdead ≈ 250 ps),

corresponding to either TCSPC or TCPC modes, respectively.

Figure 2.3: Normalized PL kinetics and instrumental response function (IRF) upon
λexc = 323 nm excitation in a total detection time window of ∼ 5 ns (plotted in a
log-log scale), recorded at λdet = 425 nm and λdet = 646 nm, respectively. The laser
pulse is initially distributed in time over ∼ 25 ps (at FWHM), which is followed by
another feature at about 400 ps after exitation pulse. The latter feature is clearly
distinguishable in the experimentally recorded NC-related PL dynamics.

In case of the Ar+-pumped dye laser setup (∆t ≈ 2 ps), where the characteristic

response of the fast microchannel-plate PMT (with τres ≈ 25 ps) de�nes the tem-

poral resolution, the instrumental response function (IRF) shows a characteristic

initial temporal spread of the laser pulse of τres ≈ 25 ps at FWHM, followed by an

increased probability of photon detection around 400 ps after the excitation pulse.

This is demonstrated in Fig. 2.3, where the normalized PL dynamics for Si NCs with

average diameter of dNC = 5.5 nm detected at λdet = 425 nm are plotted together

with the (normalized) IRF, recorded at the second harmonic of the excitation at

λexc ≈ 323 nm in a total time window of ∼ 5 ns. The latter feature is clearly dis-

cernible in the NC-related PL dynamics, which exhibit di�erent decay components,

ranging from picosecond to nanosecond time scale. In order to extract the decay

component(s) of the registered emission dynamics, the signal requires deconvolu-

tion with the characteristic function related to the temporal limiting factor of the

respective detection methods (either the IRF or the laser pulse � the deconvolu-

tion procedure is described in Appendix A). In case of reconstruction of a spectral

pro�le, which either provides a spectral dependence for a given time delay after ex-

citation pulse (see for example Fig. 3.5(c), in Chapter 3) or, when integrated over
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the total time window of the full decay of the emission (∼ 0.5 � 3 ms, dependent

on the NC size) represents the time-integrated spectrum similar to CCD camera

signal registration (see for example Fig. 3.1(a), in Chapter 3), deconvolution of the

dynamics is not necessary.

2.3 Absorption

2.3.1 Linear absorption

For characterization of the linear absorption in a spectrally broad range, a UV-VIS

Lambda 900 Spectrometer was employed. This double-beam, double monochroma-

tor ratio recording system with pre-aligned tungsten-halogen and deuterium lamps in

combination with a PMT for the near-UV and visible regime and a Peltier cooled PbS

detector for NIR provides a total detection window of λdet = 175 � 3300 nm. The

samples discussed in this thesis were investigated for the UV and visible regime (and

corrected for possible absorption by substrate material), with an integrating sphere

incorporated in the setup to account for scattering e�ects. The optical density (OD)

can be rescaled into the photon energy-dependent absorption cross section of a NC of

a certain size or be used to determine the average number of absorbed photons, fol-

lowing the Lambert-Beer relation Nabs = j0(Eexc)(1 � e−OD(Eexc)Ln10)/NNCL, where

j0(Eexc) is the number of photons per pulse for a given excitation photon energy,

NNC is the concentration of the NCs in the sample, and L the thickness of the

optically active layer.

2.3.2 Transient induced absorption

The principle of transient IA (TIA) is based on monitoring the change in absorption

of a light probe pulse upon excitation of the investigated system with a primary

pump pulse, as function of the respective time delay between the two pulses. In this

approach, the excited carriers in the system, which are generated by the initial pump

pulse, are probed with the secondary pulse while undergoing di�erent relaxation and

recombination processes. With this method, physical parameters, such as IA cross

section (see Chapter 4, Section 4.1) and characteristic times of speci�c relaxation

and recombination processes (see Chapter 4, Section 4.2) can be investigated. Con-

ventionally, an excitation source with ultrashort pulses (∆t ≈ 10−15 � 10−12 s) is

employed for this purpose (depending on the investigated sample and relaxation
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mechanism) in a pump-probe con�guration comprising a Ti:sapphire pumped opti-

cal parametric ampli�er (OPA) system. In this thesis, two femtosecond excitation

systems used to investigate the Si NC samples provide di�erent excitation and de-

tection conditions. In the �rst setup (�setup 1�), the Ti:sapphire regenerative am-

pli�er system (Spectra-Physics Hurricane), generates ultrashort pulses (∆t ≈ 130

fs, f = 1 kHz) at the wavelength of maximum intensity λexc = 800 nm, and en-

ergy of ∼mJ/pulse. In order to obtain a gap-free tuneability from the UV to the

MIR regime (λexc = 0.3 � 10 mm), the pulse is passed through a white light-seeded

OPA system (OPA-800C), where the fundamental frequency is converted by means

of multiple order generation or the sum and the di�erence frequency mixing of the

idler and the signal. In the second setup (�setup 2�), the 800 nm emission wave-

length from the Ti:sapphire laser (operating at f = 80 MHz, with ∆t ≈ 50 fs) is

directly fed into a TOPAS ampli�cation and wavelength tuning component, which

down-converts the repetition rate to f = 1 kHz (λexc = 0.3 � 2.4 mm, or λexc = 266

nm with 4th harmonic non-linear crystal).

Prior to passing through the OPA, part of the beam is separated by means of a

beam splitter and utilized in the excitation scheme as a secondary pulse for probing

of the excited medium. Dependent on the speci�c pump-probe con�guration, the

probe pulse is converted by an OPA (OPERA, λprobe = 0.3 � 2.4 mm) into a single

desired signal or idler wavelength (setup 2) or transformed into a white light or NIR

continuum with the aid of a water cell or a CaF2-�lm (setup 1), respectively. The

latter transformation process is a high-order non-linear phenomenon arising from the

optical Kerr e�ect and the self-focusing of (ultra-)short laser pulses in transparent

condensed media. As a consequence of strong (anti-)Stokes broadening and group-

velocity dispersion, the pulse is stretched both spectrally and temporally, resulting

in a ∼ 200 fs broad pulse encompassing wavelength range of λprobe ≈ 370 � 750 nm

or λprobe ≈ 900 � 1300 nm, depending on the conversion medium. This e�ect leads

to a wavelength-dependent arrival time of the probe at the sample, conventionally

referred to as �chirp�, where the wavelength dependent refractive index of the sample

material can enhance the temporal stretching of the pulse. For the samples used in

this study, the latter e�ect does not show signi�cant contribution and the width of

the pulse is in the ∆t ≈ 240 � 360 fs range, dependent on the detection wavelength.

In order to monitor the temporal dependence of the carrier relaxation and recombi-

nation processes in the sample induced by excitation with the primary pump pulse,

the pump and probe pulses are gradually delayed with respect to each other by

means of an optical delay stage. In setup 1, for detection a multi-channel CCD
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(Ocean Optics) spectrograph for white probing and an InGaAs array (Control De-

velopment NIR-256L-1) for NIR are employed, so that the entire spectral range of

the probe pulse is registered for every time delay between pump and probe. In

setup 2, the signal is detected by a sensitive photodiode (Hamamatsu G5853-23 or

G8605-23). For a direct registration of the (absolute) change in absorption of the

probe (∆αL or ∆OD), the detected probe signal is compared with the una�ected

probe signal registered by a second correlated photodiode, which then is correlated

with another rigorously calibrated photodiode. In the other con�guration, a single

detector method is used, where the induced absorption probe signal is normalized

for the linear absorption: ∆αL = (Itotal � Ilin.abs)/Ilin.abs � here Itotal is the com-

bined linear and induced absorption of the probe pulse, and Ilin.abs is the linear

absorption, which is subtracted in order to separate the contribution of the free car-

rier absorption. In both con�gurations, the baseline of the experimentally obtained

IA dynamics is established by tuning the probe pulse prior to the excitation pulse.

The two setups and their excitation and detection speci�cations are schematically

illustrated in Fig. 2.4.
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Figure 2.4: a) Schematic illustration of transient induced absorption con�guration
with multi-color probing detection (setup 1). The pump and probe pulses are pro-
vided by a Ti:sapphire excitation source (λexc = 800 nm, at f = 80 MHz), pumping
an OPA system for a broad excitation range (λexc = 0.3 � 2.4µm), with ultrashort
pulses (∆t ≈ 100 fs). The probe pulse (separated from the pump by a beam splitter
� BS) is delayed with respect to pump pulse by means of a (folded) optical delay
line, resulting in a total time window of ∼ 3.6 ns. The magic-angle condition (54.7°
� accomplished by the polarizer component) ensures the perpendicular polarization
between pump and probe. The probe wavelength is converted into a spectrally broad
pulse (λprobe ≈ 370 � 750 nm or λprobe ≈ 900 � 1300 nm for visible or NIR probing,
respectively) by means a water cell or a CaF2-�lm, resulting in a temporal stretching
of the pulse (∆t ≈ 200 fs). The probe signal is collected with a lens into an optical
�ber and detected by a multi-channel CCD camera. The IA signal is registered by
the computer as ∆αL = (Itotal � Ilin.abs)/Ilin.abs � here Itotal is the combined linear
and induced absorption of the probe pulse, and Ilin.abs is the linear absorption, which
is subtracted to separate the contribution of the IA. The pump signal is modulated
by a chopper at f ≈ 83 Hz or f ≈ 62 Hz for probing in the visible or NIR regime,
respectively. b) Setup 2 comprising of a Ti:sapphire laser, feeding a TOPAS system
to achieve UV to MIR excitation (λexc = 0.3 � 2.4 mm, ∆t ≈ 100 fs), and an OPA
component for a spectrally broad probing range (λexc = 300 � 2400 nm, ∆t ≈ 100
fs). The pump pulse is guided through a 30 cm single optical delay line, after which
the signal is modulated by a chopper resulting in a �nal repetition rate of f = 500
Hz. After passing through the sample, the probe signal is detected by a sensitive
photo-diode and compared to the una�ected probe signal. For the absolute value
of the induced OD, the di�erence signal is correlated with the (una�ected) probe
signal detected by a rigoursly calibrated diode.


