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Chapterr 2 

Experimentall  techniques 

ThisThis chapter is concerned with the instrumental and experimental details of the 
steady-statesteady-state and time-resolved photoluminescence, photoluminescence excitation, 
asas well as two-color spectroscopy used in the investigations described in this thesis. 

2.11 Photoluminescence experiments 

Thee basic idea of photoluminescence (PL) experiments comprises illumination of 
thee sample with photons of certain energy Ein, by exposing it to a laser beam, 
andd detection of photons with a different energy E^t coming out of the sample. 
Oncee the material has been excited or perturbed from the equilibrium conditions, 
itit  tries to return to the initial state. We have seen in Chapter 1 that relaxation can 
proceedd radiatively and non-radiatively, we will consider here only the radiative 
recombinations.. In PL experiments we study the spectrum and dynamics of the 
emittedd light E^t- This technique is suitable to investigate impurity states (see 
Chapterr 1 for impurities and recombination centers) in the semiconductor band 
gap.. As the penetration depth of the typical laser light used in our experiments, 
e.g.. from an Argon-ion laser (A,4r+ = 514.5 nm), is around 1 ̂ m [6], luminescence 
experimentss are appropriate for a thin film sample rather than the bulk. Although 
theree are other excitation ways leading to luminescence, e.g. of cathodolumines-
cencee or electroluminescence, we will describe in detail only photoluminescence 
experiments,, as used in this work. 

Theree are two possible routes to excite an impurity embedded in Si by a laser 
beam:: either with photon energies larger than the band gap of silicon (that is with 
aa laser operating in the visible range, like Nd:YAG at 532 nm (2.3 eV) or Argon-ion 
att 514.5 nm (2.4 eV)) or resonant with photon energies below the band gap. By 
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excitationn above the band gap, free electrons and free holes wil l be generated in the 

conductionn and valence band, respectively. The free carriers wil l then be captured 

byy defects (see Chapter 1 for recombination processes) and eventually light might 

bee emitted. By using an excitation below the band gap we may excite the defect 

directlyy when the photon is absorbed by the defect [7, 22]. One of the advantages 

off  using the second technique is that we can tune the excitation to map out the 

absorptionn spectrum: such a procedure is known as photoluminescence excitation 

spectroscopyy (PLE). Specifics on the PLE measurements are described in the next 

section,, as we use this technique in the nanocrystalline material doped with Er 

ions.. It is interesting to point out that excitation below the band gap generates 

minimumm heat and does not create free electrons in the conduction band, which 

mayy have fatal consequences for luminescence due to increased probability of Auger 

de-excitation. . 

AA typical photoluminescence set-up is depicted in Fig. 2.1. For the excitation 

off  the samples we use a continuous wave (cw) Ar + laser (Spectra-Physics Stabilite 

2017).. For the single-line operation, the Ar + laser features two main lines: the 

greenn line at 514.5 nm and the blue line at 488 nm. In the experiments with Si:Er 

thee green line is used. To eliminate unwanted plasma lines around the green line we 

usee an interference filter (filter 1) centered at 514.5 nm, which transmits around 50 

%% of the power. The beam is on-off modulated with a mechanical chopper, and as 

aa result the laser light produces square pulses with an adjustable periodicity. For 

samplee illumination we use a front-face configuration with a 50 degree rotation 

off  the sample with respect to the incident light. In this way, reflection of the 

laserr beam from the sample into the spectrometer is avoided. The luminescence is 

collectedd from the laser irradiated side at approximately 90 degrees with respect 

too the incident beam. The sample, placed in an optical cryostat (Optistat or cold 

fingerr closed cycle cryostat, Oxford Instruments) allows measurements from 4.2 K 

upp to 300 K. The maximum pump power of the laser beam before it hits the sample 

iss ~ 500 mW. Typically, two lenses {infrared grade quartz) are used to collect the 

luminescence.. The luminescence is dispersed by a holographic grating blazed at 

1.55 /jm in a high resolution monochromator (Jobin-Yvon THR 1500) or Triax 320 

spectrometer.. To select the emission band of interest and to avoid residual light, 

wee use a long-pass filter (filter 2). In particular, for the infrared region at 1.54 /mi, 

aa cut-off filter at 850 nm is used. For detection of the emitted light, we use either 

aa sensitive Ge photodiode for the infrared range (Edinburgh Instruments, EI-A, 

0.99 - 1.7 /mi) or a photomultiplier tube (Oriel instruments, 0.16 - 0.9 /mi) for the 

visiblee range. A standard lock-in technique is used to integrate the PL signal and 
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Figuree 2.1: Basic diagram of the photoluminescence set-up for the experiments 

describeddescribed in this thesis. See text for explanation. 

obtainn a good signal-to-noise ratio. Later on, the data is processed in a personal 

computer.. To capture dynamics, the signal from the detector is fed into a digital 

oscilloscopee (TDS 3032. Tektronix). 

Inn general, PL experiments provide a powerful method to investigate different 

recombinationn centers. This is best evidenced by the large number of publications 

onn PL studies using CW excitation and following spectrum and dynamics as a 

functionn of the pump power or temperature of the sample. While such experi-

mentss indeed give a lot of information, the nature of the Si:Er system is more 

complex,, as several channels for Er3+ excitation may be activated simultaneously 

and,, consequently, become difficult to separate using this standard technique. In 

particular,, the contributions of shallow levels, with relatively small ionization ener-

giess to the conduction/valence band, which take part in energy transfer processes 

aree difficult to distinguish. 
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2.22 Photoluminescence excitation spectroscopy: 
PLE E 

Whilee two-color spectroscopy is the main technique used in the experiments des-

cribedd in this thesis, in Chapter 8 a different approach is applied, as mentioned at 

thee beginning of this Chapter: photoluminescence excitation (PLE) spectroscopy. 

Ann optical parametric oscillator (OPO) with a non-linear BBO crystal is pumped 

byy the 3r d harmonic of a Nd:YAG laser at a wavelength of \exc = 354 nm. This 

in-housee OPO facility generates pulses of 5 ns duration with a repetition rate of 

200 Hz. The BBO crystal splits the incoming photon of the 3r d Nd:YAG harmonic, 

inn two outcoming photons: Xvia and Air of different energies. The relation is given 

by: : 
11 1 1 

3544 nm Xvis Xir 

Inn order to separate the visible and the infrared beams from each other, we 

makee use of four different filter boxes. Each filter box allows the transmission of a 

specificc range, i.e.: Box 1: 430 nm until 490 nm, Box 2: 485 nm until 590 nm, Box 

3:: 585 nm until 650 nm, and Box 4: 780 nm until 2 /mi. There exists a gap between 

6500 nm and 780 nm, due to the fact that both photons (visible and infrared) have 

similarr wavelengths and are difficult to separate. No PLE experiments can be 

performedd in that range. By scanning the OPO, we can tune at wil l the excitation 

wavelengthh ranging from the visible at 430 nm up to the infrared at 2 /mi. 

2.33 Two-color experiments 

Whilee there are many techniques to obtain information on the optical proper-

tiess of a material, like infrared absorption, optically detected magnetic resonance 

(ODMR),, or magneto-optics (Zeeman effect) among others, in this thesis we des-

cribee mostly two-color spectroscopy with two pulsed laser beams simultaneously 

directedd into the sample, with different photon energies and time separation. The 

sourcess are the second harmonic of a Nd:YAG pulsed laser for the primary band-

to-bandd excitation and the mid-infrared radiation from a free electron laser as the 

secondaryy probing beam. 

Thee configuration for two-color experiments performed at the free electron 

laserr facility is schematically depicted in Fig. 2.2. The Si:Er sample is placed in 

aa helium gas flow variable temperature cryostat (Oxford Instruments Optistat), 

allowingg measurements in the temperature range from 4.2 to 300 K. The primary 
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Figuree 2.2: Schematics of the two-color experiment. Sample is kept in a variable 

temperaturetemperature optical cryostat (T ~ 4.2 - 300 K). Primary excitation of Er3+ ions 

isis achieved with the second harmonics of a Nd:YAG pulsed laser (532 nm). A 

secondsecond beam in the mid-infrared region (7 - 11 fim) from a FEL is applied with a 

tunabletunable wavelength and power level at a variable delay time (At). Changes in the 

photolummescencephotolummescence spectrum, amplitude and dynamics are detected and analyzed. 

band-to-bandd excitation source is provided by a frequency doubled pulsed Nd:YAG 

laserr (532 nm) with a duration of ~ 100 ps and repetition rate of 5 Hz. Photo-

luminescencee is collected in a typical 2 lens configuration and dispersed by the 

spectrometerr (Triax 320). For detection of the emitted light and spectral analysis 

wee use a sensitive Ge photodiode for the infrared range (Edinburgh Instruments, 

EI-A.. 0.9 - 1.7 fan). The intensity can be integrated in time for a specific wave-

lengthh range and, in this case, the PL spectrum is obtained. To measure dynamics, 

wee use a sensitive photomultiplier tube (R5509-72 Hamamatsu Photonics, 0.3 - 1.7 

/zm)) or the previously mentioned Ge photodiode if the emitted signal decays very 

slowlyy (in the millisecond range). The PL transients are fed into a digital oscil-

loscopee (TDS 3032, Tektronix). The experimental time resolution of the system 

iss Tdtt « 300 ns for the Hamamatsu detector (at 1 Kfi ) or rdet « 35 ps (at 100 

Kfi) ,, while for the Ge detector the overal resolution is Tdet w 75 fjs. The second 

beamm from the free electron laser (FEL), spatially overlapped on the sample with 
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thee Nd:YAG, is fired after a selected delay time, with variable power and at a 

tunablee wavelength in the range of 7 to 17 fj,m. In two-color experiments we can 

observee how the amplitude, spectrum and kinetics of different PL bands change 

byy the mid-infrared radiation from the FEL as its power, wavelength and delay 

t imee in respect to the Nd:YAG source are tuned. The experiments can be done at 

differentt temperatures and/or different band-to-band excitation densities. 

Thee two-color experiments described in this thesis have been performed at the 

Dutchh Free Electron Laser facility for Infrared experiments (FELIX) at the FOM 

Insti tutee for Plasma Physics "'Rijnhuizen" in Nieuwegein. 

2.44 Pree Electron Laser 

AA free electron laser is a coherent optical source using an electron beam in a 

magneticc field as a gain medium. By virtue of the simple gain medium, FEL's have 

ann unique advantage: the broad wavelength tunability. Fig. 2.3 illustrates very 

schematicallyy the different parts of the FEL system. A FEL consists of an electron 

acceleratorr where the electrons are first accelerated nearly to the speed of light, and 

thenn they are sent through an undulator. The undulator, in which the electrons 

emitt synchrotron radiation, consists of a series of magnets with alternating polarity. 

Ass a bunch of electrons travels through this alternating field, it causes them to 

wigglee back and forth. The induced oscillation of the electrons results in the 

emissionn of radiation (at this stage incoherent) captured in the optical cavity. The 

distancee between the two mirrors of the optical cavity is set with extreme precision 

soo that each bundle of photons meets a new bunch of electrons starting through 

thee undulator. These new photons created via the bunch of electrons oscillating 

inn the magnetic field are spatially coherent and in phase with the photons already 

bouncingg in the cavity. After thousands of iterations the power of the laser beam 

buildss up until it reaches a steady state and couples out through one of the output 

cavityy mirrors [23]. 

Ordinaryy lasers operate at a fixed frequency or wavelength. That is, they 

producee light in only one color, which limits their use. A number of different types 

off  lasers have been created that produce light at variable wavelength. The light 

frequencyy can also be changed by using special optical crystals. Nevertheless, there 

aree spectral regions where only few, if any lasers operate. The FEL is ideal for 

exploringg the unknown regions in the spectrum because it is tunable over a broad 

range.. This enables to study how different materials respond as the wavelength of 

thee incident light changes. In addition, the FEL is capable of producing very high 
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Figuree 2.3: Schematics of the FEL: electrons are accelerated and fed into the un-

dulatordulator magnet, the magnetic field generates periodically curved trajectories. The 

inducedinduced oscillating dipole moment leads to light emission. Light is then amplified 

inin the optical cavity and high brilliance is obtained. The wavelength of the photons 

comingcoming out of the FEL is adjusted by using different electron accelerations or by 

varyingvarying the distance of the magnets in the undulator (\u). (Picture taken from the 

DutchDutch free electron laser facility web site.) 

powerr levels. Both the FEL's tunability and power are the result of its unusual 

design.. In most other lasers, the lasing process occurs within a liquid, solid or 

gas.. The available wavelengths are limited to those permitted by the medium. 

Similarly,, the power of the beam is limited by the amount of energy that the 

materiall  can handle before it breaks down. Because the production of laser light 

occurss in vacuum, a FEL can be designed to operate at extremely high power 

levels.. The color of the FEL beam can be varied in two ways: by changing the 

energyy of the electron beam, or by changing the spacing between the magnets in 

thee undulator. 
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MACROPULSE E 
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Figuree 2.4: Temporal characteristics of the FEL at the FELIX users facility. Each 

macro-pulsemacro-pulse of the FEL with a repetition rate of 5 Hz and width of 10 fis. consists 

ofof a train of micropulses. Each micropulse has a width of 1 ps and a repetition 

raterate of 25 MHz or 1 GHz depending on the specific setting. (Picture taken from 

Ref.Ref. [24].) 

2.4.11 Different applications of FEL's 

Duee to the fact that a FEL covers a wide range in the electromagnetic spectrum (if 

wee put together the currently available FEL's we cover the range from microwave 

too vacuum ultraviolet and soft X-ray), we can think of different experiments for 

differentt fields of research. The power level is for example important in surgical 

applications,, where the beam needs enough energy to vaporize soft tissue and bone. 

Thee Vanderbilt University used for the first time a FEL for medical purposes. 

Inn December 1999 human surgery was performed in order to destroy a cancer 

tumorr from a patient brain [25]. Among the FEL's world wide where scientific 

researchh is conducted at present, a variety of investigations is performed ranging 

fromm semiconductor physics, quantum devices, bio/molecular chemistry, material 

physics,, to nuclear excitation and X-ray analysis [26]. In particular, in the Dutch 

freee electron laser facility where the two-color experiments described in this thesis 

weree performed, the main research concerns, among others, infrared spectroscopy 
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off  vibrations in some specific molecules relevant for astrophysics and biology, and 
semiconductorr physics (quantum dots spectroscopy in the infrared and pump-
probee experiments in III- V heterostructures). 

2.4.22 Properties of the Dutch FEL: FELIX 

Thee Dutch Free Electron Laser facility for Infrared experiments (FELIX) emits 
photonss with a range from 4 to 250 /im with a peak power up to 100 MW in 
(sub)picosecondd pulses, see [24]. Radiation can be produced with two undulators, 
onee for the range of 25 - 250 /im and another for the range of 4 - 30 fim. The 
infraredd beam features short micropulses, which have a nominal duration of 1 
pss and are separated by intervals of either 1 ns (1 GHz) or 40 ns (25 MHz) of 
zeroo intensity, see Fig. 2.4. The usual mode of operation is with an interpulse 
separationn of 1 ns [24]. The micropulses form a train (the macropulse) with a 
durationn up to 10 (J,S (usually around ~ 5 (xs). The macropulses have a repetition 
ratee of 5 Hz. The macropulse power is given by the micropulse energy multiplied 
byy the repetition frequency. This results in a maximum average power in the user 
stationss of 500 mW, although for our experimental purposes we used on average 
2000 - 300 mW. Synchronized to the FEL is a (frequency doubled) Nd:YAG laser 
andd this enables the two-color experiments. 
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