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The creation and relaxation of secondary excitons in solid Kr were investigated using
energy- and time-resolved luminescence spectroscopy in vacuum ultraviolet region. The
spectrally selected luminescence ofthe free exciton (FE) was used as a probe for secondary
exciton creation. This was possible due to the good 'quality' of the samples and high purity
Kr gas, used for sample growth, since the intensity of the free exciton emission line is
extremely sample sensitive.

For the first time, time-resolved excitation spectra and decay curves of free exciton
emission in solid Kr were systematically investigated for an excitation exceeding the band
gap energy (up to 35 eV). Also luminescence of self-trapped excitons was studied in solid
Kr using time-resolved methods. Additionally, high-resolution reflection spectra were mea-
sured and a new member (n=5) of the exciton series was revealed. A series of samples were
grown and investigated, demonstrating a good reproducibility of the main experimental re-
sults.

Delayed electron-hole recombination and 'prompt' (in the meaning of the time-
resolution of experimental set-up) creation of secondary excitons were separated using the
time-resolved experimental technique. A detailed model for the dynamics of electron-hole
recombination into the FE state was developed. The delayed component of the free exciton
decay curve was reproduced with model calculations including thermalization of the carri-
ers via scattering on acoustic phonons and the effect of recombination cross-section, which
depends on the actual carrier temperatures. A reasonable agreement between experiment
and theory was found.

Time-resolved excitation spectra show that the 'prompt' creation of FE takes place in,
the region above the threshold hv=Eth ~21. 7 eV. The shape of the decay curves changes
significantly above this threshold as well. The experimental threshold value is nearly equal
to the sum of the band gap energy and the free exciton energy (Eth=Eg+Eex). In order to
explain the threshold in time-resolved excitation spectra of 'prompt' processes two possibil-
ities are discussed: (i) inelastic scattering of the electrons in the framework of the multiple-
parabolic-branch band model, and (ii) creation of the electronic polaron complex. 'Prompt'
creation of excitons above Eth is ascribed to a superposition of both processes. At threshold
itself, the creation of electronic polaron complexes is the dominant process, while at higher
excitation energies, electron-electron scattering may dominate.





Erzeugung freier Exzitonen in festern Krypton, untersucht
rnit Hilfe der zeitaufgelosten Lurnineszenzspektroskopie

Die Erzeugung und Relaxation sekundarer Exzitonen in festem Kr wurde mittels zeit-
und energieaufgeloster Lumineszenzspektroskopie im vakuumultravioletten Spektralbereich
untersucht. Zur Charakterisierung der Erzeugung sekundarer Exzitonen wurde die spektral
ausgewahlte Lumineszenz des freien Exzitons (FE) herangezogen. Dies war aufgrund der
hohen Probenqualitat und der hohen Reinheit des zur Probenpraparation verwendeten Kr-
Gases moglich, da die Intensitat der freien Exzitonlinie stark von der Probengiite abhangt.

Zum ersten Mal wurden zeitaufgeloste Anregungsspektren und Abklingkurven der FE-
Emission in festem Kr fur Anregungen oberhalb der Bandkante (bis 35 eV) systematisch
untersucht. Zusatzlich wurde auch die Lumineszenz von lokalisierten ('self-trapped') Exzi- .
tonen in festem Kr durch zeitaufgeloste Spektroskopie betrachtet. Weiterhin wurden hoch-
aufgeloste Reflexionsspektren gemessen und daraus ein weiteres.Element der Exzitonense-
rie (n=5) bestimmt. Die Messungen wurden an verschiedenen Proben wiederholt und zeigen
eine gute Reproduzierbarkeit der experimentellen Ergebnisse.

Mittels der zeitaufgelosten MeBtechnik kann zwischen verzogerter Elektron-Loch-
Rekombination und 'prompter' (im Rahmen der experimentellen Zeitauflosung) Erzeugung .
sekundarer Exzitonen unterschieden werden. Es wurde ein detailliertes Modell der Dyna-
mik der Elektron-Loch-Rekombination in den FE-Zustand aufgestellt. Die verzogerte Kom-
ponente der Abklingkurven fur das FE wurde mittels Modellrechnungen reproduziert, die
die Thermalisierung der Ladungstrager durch Streuung an akustischen Phonon en beinhalten
und die Abhangigkeit des Wirkungsquerschnittes der Rekombination von der Ladungstra-
gertemperatur beriicksichtigen. Modellrechnungen und experimentelle Daten weisen eine .
gute Ubereinstimmung auf.

Die zeitaufgelosten Anregungsspekten zeigen, daB eine 'prompte' Erzeugung des FE
im Bereich oberhalb der Schwelle von hv=Eth ~21. 7 eV statt findet. Dies spiegelt sich
ebenfalls in der veranderten Form der Abklingkurven oberhalb der Schwelle wider. Der ex-
perimentelle Schwellenwert entspricht nahezu der Summe der Bandliickenenergie und der
Energie des FE (Eth=Eg+Eex). Zur Erklarung dieses Schwellenwertes werden zwei Model- .
Ie diskutiert: (i) inelastische Streuung der Elektronen im Rahmen des 'multiple-parabolic-
branch band' Modells, und (ii) Erzeugung des elektronischen Polaron-Komplexes. Die
,prompte , Erzeugung von Exzitonen oberhalb von Eth wird einer Uberlagerung aus bei-
den Prozessen zugeordnet. Nahe an der Schwelle ist die Erzeugung des elektronischen
Polaron-Komplexes der dominante Prozess, wahrend Elektron-Elektron-Streuung bei hohe-
ren Anregungsenergien iiberwiegen konnte.
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Chapter 1

Introduction

Energy dissipation in solids following primary excitation by X-rays or high-energy
particles (electrons, ions) is one of fundamental problems in condensed matter physics. A
detailed understanding of dissipative processes is very important for practical applications,
e.g. development of displays, scintillators for high energy physics, computer tomography
etc., as well.

A high-energy core-excitation typically causes a relaxation cascade, where energy dis-
sipation at first occurs via Auger processes, electron-electron and electron-hole scattering.
After some time, in each insulator a situation is reached, in which further Auger relaxation
is not any more energetically possible. Nevertheless, 'hot' electrons (or holes) still have suf-
ficient kinetic energy for the creation of electron-hole pairs or excitons (bound electron-hole
pairs).

Such a situation is the starting point of the present work. In this thesis, the final steps of
'high-energy' excitation relaxation cascades are under investigation in solid krypton. How-
ever, the 'hot' electrons are created directly, using spectrally selected synchrotron radiation
with a photon energy up to "",,35 eV An adjustable energy of exciting photons offers the
possibility to tune the kinetic energy of electrons. The time-structure of the DORIS storage
ring is particularly suitable for time-resolved spectroscopy and gives a good possibility to
investigate the time-evolution of relaxation processes from sub-ns to the J-LS regime.

Solid Kr, like other rare gas solids (RGS), is one of the simplest solids, and therefore it
is an ideal model substance. The peculiar properties of RGS are a consequence of the closed
shell electronic configuration of the atoms (He: 1s2; Ne to Xe ns2np6, n=2, ...,5). The binding
energies of the valence electrons are so large that the closed-shell nature of the atoms is .
conserved in the condensed phase, in which the atoms are held together by Van der Waals
forces. As a result of the high ionization energy of atoms, RGS are dielectrics with extremely
large forbidden gaps (for solidKr: Eg=11.59 eV). Kr crystals exhibit simultaneously strong



broad-band self-trapped exciton (STE) luminescence as well as considerable narrow-band
luminescence of the free excitons (FE). In the present work, both narrow-band emission
from the lowest FE state and the singlet e~~)component of the STE emission are used as
probes.

The main purpose of the present work is an investigation of the different exciton cre-
ation processes in the case of photoexcitation, where the photon energy is exceeding the
band gap energy. First of all, an understanding of such processes requires knowledge about
creation and decay of excitons, excited directly in the excitonic region. Studies about this
most direct FE creation process in solid Kr have been performed earlier [Var94]. Neverthe-
less, experiments concerning FE creation with excitation in the excitonic region are repeated
in the present work. A new aspect is the use of high purity Kr, which permits to investigate
luminescence of solid Kr without disturbing emission ofXe impurity.

Using photoexcitation with a photon energy exceeding the band gap energy, it is feasi-
ble to create directly (i.e. in a one step process) electron-hole pairs. Moreover, a photocre-
ated electron in the conduction band has the possibility to create secondary electronic exci-
tations (excitons or electron-hole pairs) via electron-electron scattering. In RGS, the width
of the valence band (2.3 eV in Kr) is much smaller than the band gap energy (Eg=11.59
eV in Kr) and therefore, 'hot' holes cannot create any secondary electronic excitations. Ad-
ditionally to electron-electron scattering, a more sophisticated possibility exists, where two
excitations (e.g. electron-hole pair plus exciton) are formed directly in a one step photoexci-
tation process (electronic polaron complex). Electron-electron scattering as well as creation
of an electronic polaron complex only take place above a certain threshold energy of primary
photoexcitation.

If the kinetic energy of the electron does not exceed the threshold energy for electron-,
electron scattering, relaxation via electron-phonon scattering occurs. Due to the very simple
crystal structure, only acoustic phonons exist in RGS. Hence, the phonon-assisted relaxation
processes are much slower than in systems with optical phonons. Therefore, in solid Kr,
thermalization of electrons takes place in a nanosecond time-range. After thermalization,
the exciton creation through electron-hole recombination becomes possible.

All such processes are under investigation in this thesis. Thereby, the usage of time-
resolved techniques is very important, since it directly allows to discriminate between 'slow'
phonon-assisted, and 'prompt' (in the meaning of the time-resolution of experimental set-
up) FE creation processes.

The present work is divided into the following chapters. In chapter 2, the experimental
set-up is described including its optical and electronic components, also the applied spectro-
scopic methods and a preparation technique for solid Kr samples are introduced. In chapter



3, a short overview about the properties of solid Kr is given and different excitonic effects
are described. Different possibilities for creation of excitons are also discussed. A detailed
model for the dynamics of electron-hole recombination into the FE state is introduced as
well. In chapter 4, the experimental data of time-resolved luminescence spectroscopy are
presented and discussed. Moreover, the fitting results of experimental decay curves are pre-
sented. The results of the present work are compared with results of other experimental
studies known from the literature. In the summary, the main conclusions are resumed.





Chapter 2

Experiment

The experiments of the present work were carried out at the experimental station SU-
PERLUMI located in HASYLAB (Hamburger Synchrotronstrahlungslabor) at DESY (Deut-
sches Elektronen-Synchrotron). In this chapter, a short review of the SUPERLUMI set-up is
given and also some important experimental aspects are discussed, especially essential for
the experiments with rare gas solids (RGS). SUPERLUMI is a complex experimental sta-
tion for time- and energy-resolved vacuum ultraviolet (VUV) luminescence spectroscopy.
Photons with energy from 3.7 to 40 eV are available for photoexcitation. Three different
secondary monochromators coupled with various detectors are accessible for the analysis of
the luminescence. Luminescence photons can be detected between energies of 1.8 eV and 25
eV. It is also feasible to measure reflection spectra from the sample at the angle of incidence
17.5°. In VUV spectral region, all materials (including air) have extremely high absorp-
tion coefficient. Therefore the light path from the source to the experimental chamber and
the experimental chamber itself are pumped down to ultra high vacuum (UHV) conditions.
The SUPERLUMI set-up offers also possibilities to work at low temperatures (a flow-type
helium cryostat), which is a necessary presumption for the investigations of RGS. A gas
inlet system and in situ crystal growing system have been built for the RGS experiments at
SUPERLUMI.

Several Ph.D. and diploma thesis and papers containing information about SUPER-
LUMI have been published earlier: [WBHS83] (beamline), [Roi84] (primary monochro-
mator, single-photon counting), [MKZ85] (high-resolution VUV-2 monochromator),
[GRZP83] (high-flux VUV-1 monochromator), [Hag89] (position sensitive detector for VUV
region), [Kam89] (mechanical chopper), [Bec97] (BM/50 monochromator with position'
sensitive detector for visible region), [Kor97] (microsphere plate detector).



2.1 Synchrotron radiation

Synchrotron radiation (SR) is a very bright, broad band, polarized, pulsed light source
extending from the infrared to the x-ray region. Most of the studies in VUV range are carried
out by means of SR. It is well known from classical theory of electrodynamics that charges,
moving with acceleration, emit electromagnetic radiation. In the case of synchrotron ra-
diation, relativistic electrons (or positrons like in DORIS III) are accelerated in a circular
orbit and emit electromagnetic radiation in a broad spectral range. The total intensity and
distribution of the radiation depend on the energy and the number of the charged particles.
Synchrotron radiation was observed for the first time in 1947 by Elder et al. [EGLP47].
General reviews about the development of the field of SR have been given by Kunz et al.
[Kun79] and Margaritondo [Mar88]. The properties of SR make it superior to other light
sources in many respects.

State of the art of modem technology is applied in constructing storage rings for parti-
cles which produce SR. Various magnets keep the electron or positron bunches circulating
under UHV ('" 10-10 Torr) conditions for several hours, before a new filling of the storage
ring takes place from an injection device. The total radiated power from the ring is given by

2 E4(GeV)
P(kW) = 8.85 . 10-· R(m) I(mA),

where E is the energy of the particles (4.45 GeV is typical for DORIS III), R is the radius
of curvature of bending magnets (12.2 m for DORIS III) and I is the circulating current (av-
erage value for DORIS III is 100 mA) in respective units. The radiated power is distributed
continuously over a wide spectral range. Half of the power is radiated below the critical
wavelength Ac of the storage ring given by

A = 47r R (2.2)
c 3,3

and the second half above, where , is the energy of the particle divided by its rest mass
[SE98]. The critical wavelength is 0.75 A (i.e. 16 keY in the energy scale) for DORIS III.
In the case of accelerated electrons (or positrons) the total number of photons emitted over
all vertical angles per one milliradian of orbit per second, for 0.1 % bandwidth, is given by

where G(Ac/ A) is a universal function given analytically in terms of the modified Bessel
function [CG90]. The typical flux from a bending magnet of DORIS III at its maximum



2.2. Light source and beamline

reaches about 4.1013 photons per second, mrad2 and 0.1 % bandwidth at 100 mA of storage
ring current. The synchrotron sources provide linearly polarized light in the orbit plane and
elliptically polarized light above and below that plane. A typical duration of the synchrotron
light pulse is about 100 ps whereas the time interval between pulses extends from ns to p,s
in different facilities.

2.2 Light source and beamline

Due to the relatively long storage ring circumference (289.2 m), DORIS III has a spe-
cial time-structure, which is particularly suitable for the time-resolved spectroscopy. DORIS
provides light-pulses with the FWHM 130 ps and a period of 964 ns in single bunch mode.
Normally DORIS is filled with 5 bunches with the same FWHM (130 ps) (multi bunch
mode). Then, the interval between the first and the last (fifth) bunch is 196 ns and between
all others is 192 ns.

The SUPERLUMI set-up (Fig. 2.1) is located above the DORIS III storage ring plane at
the beamline 1.Two mirrors are used to illuminate the entrance slit ofthe primary monochro-
mator [WBHS83]. The first, a cylindrical water-cooled mirror (Ml, located in the plane of
orbit, not shown in Fig. 2.1) accepts 50 mrad of the horizontal and 2.2 mrad vertical diver-
gence of the source. The mirror M I focuses light horizontally to a 10 mm wide image at the
entrance slit of the primary monochromator. The second, a plane elliptic mirror (M2, located.
3.7 m above storage ring plane, on a level of the entrance slit) does the same vertically pro-
viding an 0.1 mm high image at the entrance slit of the primary monochromator. The light is
dispersed in the vertical direction by the primary monochromator. A third rotational-elliptic
mirror (M3, located in the sample chamber) focuses the dispersed light onto the sample. As
a result the 6 x 2 mm2 light source transforms into the 4 x 0.15 mm2 light spot on the sample.

The SUPERLUMI set-up consists of 4 monochromators: the primary dispersing SR
and three for analysis of luminescence. Such a combination of spectrometers meets nearly .
all wishes of physicists working with wide band gap materials. A comparison of the mono-
chromator characteristics is presented in table 2.1.



2. Experiment

cryostat
B&M 50/2

top-view

Figure 2.1: SUPERLUMI set-up. TP: turbomolecular pump, TSP: titanium sublimation
pump, MSP: microsphere plate detector, PM: photomultiplier, IGP: ion-getter pump, RW
reflection window, PSD: position sensitive detector, M2,M3,M4: mirrors, VUV-l: high-flux
secondary monochromator, VUV-2: high-resolution secondary monochromator, BM 50/2:
secondary monochromator for the visible and UV region.



I Monochromator ~ Primary I VlNl I VlN2 IBM 50/2 I
Mounting McPherson 15° Pouey 28° McPherson 15° Czerny-

Turner
Aperture f:20 f:2.8 f:10 f:5
Focal length (mm) 2000 500 1000 500
Grating size* (mm) 0100 130x 130 0105 80x 110
Groove density (l/mm) 1200 1650** 1200 1200/300
Linear dispersion (Almm) 4 10 8 16/64
Coating Al+MgF2 Al+MgF2 Al+MgF2 Al

Pt
Working range (nm) AI: 65 - 330t 50-300 50-300 190-1200

Pt: 30 - 330t

Blaze (nm) 120 (AI) 250 120 400
Pt***

Table 2.1: Technical data of the monochromators at SUPERLUMI. *Horizontal x vertical or
diameter. **Mean value. ***Platinum grating is a laminar type. tFor optimal incident flux,
it is reasonable to use the Al grating for wavelengths above ",80 nm and Pt grating below .
",80 nm (see Fig. 2.2).



The primary monochromator has a 2 m focal length in 15° McPherson mounting with
a linear dispersion 4 Almm, when grating with 1200 grooves per mm is used [WBHS83].
The monochromator has three entrance slits with fixed widths of 30, 100 and 500 /-Lm. The
corresponding best resolution achievable is 0.2, 0.5 and 2.3 A (FWHM), respectively. The
exit slit is adjustable between 10 /-Lm and 2 mm. All necessary alignments can be carried
out in situ, without breaking the ultrahigh vacuum. The lowest resolution of the primary
monochromator (3.3 A) is not determined by the exit slit, but by the size of chopper slits,
located near the exit slit and having width of 925 /-Lm. Two different gratings are mounted
on a grating holder and can be interchanged in situ. The MgF2 coated aluminium grating
covers wavelengths from 65 nm to 330 nm and the platinum grating from 30 nm to 330 nm.

Aluminium + MgF2

with LiF filter

1500 2000

Wavelength (A)

Figure 2.2: The incident photon flux on the sample for different grating-filter combinations
at the SUPERLUMI set-up measured in April, 1999. All curves are presented in the same
intensity scale.

The flux of the exciting photons at various excitation energies is determined by the
characteristics of the light source, the grating and the optical elements of the beamline.
Sodium salicylate (NaSal) luminescence yield is known to be independent from excitation



energy. Therefore, it is possible to measure the intensity as a function of the excitation en-
ergy using the luminescence of sodium salicylate. Typical spectra for the incident photon
flux for the aluminium and the platinum grating are shown in Fig. 2.2. As Fig. 2.2 demon- .
strates, the aluminium grating is well suited for wavelengths longer than ",,80 nm and the
platinum grating is better for wavelengths shorter than ",,80 nm. A LiF and a quarz filter
remove higher orders of excitation, inevitable satellites of diffraction gratings. The flux of
the aluminium grating with the LiF filter is also shown in Fig. 2.2. The performance of the
grating of the primary monochromator degrades under intense synchrotron radiation. VUV
radiation causes different photochemical reactions and photolysis of molecules and atoms of
the residual gas. Mainly carbon species deposited on the grating surface are responsible for
the degradation. Therefore gratings of the primary monochromator are replaced after few
years. During a long time period radiation damage occurs in the MgF2 coating of aluminium
grating as well as in all other filters and windows, attenuating light intensity falling onto the
sample.

The VUV-I monochromator is a high transmission instrument (modified Pouey mount-
ing, f:2.8) without entrance slit [GRZP83]. The VUV-I is located in its own vacuum cham-
ber (Fig.2.1), separated from the sample chamber with an UHV valve. The monochromator
has an asymmetric design, the exit arm (652 mm) being longer than the entrance arm (391 .
mm). The extremely large f-number is due to an especially designed BOx 130 mm2 large
toroidal grating (AI with MgF2 coating) with non-uniform distribution of grooves (mean
value n=1650 I/mm). The spectral resolution of the monochromator is mainly limited by
the size of the exciting light spot on the sample. With minimized spot size, the best res-
olution of 5 A (FWHM) is achievable. The working range of the Pouey monochromator
extends from 500 to 3000 A.

The exit arm of VUV-I is equipped with two detectors. An open microsphere plate
(MSP) is located directly behind the adjustable exit slit and a solar-blind photomultiplier is
situated in perpendicular direction to the exit arm. This photomultiplier is separated from
the VUV-I monochromator chamber with a LiF window and is illuminated via a removable
mirror (AI with MgF2 coating).

The VUV-2 monochromator is designed for high-resolution luminescence analysis
[M6186]. It is an I-meter spectrometer in 15° McPherson mounting manufactured by Acton
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Research (Fig.2.1). As diffraction element, a holographic MgF 2 coated aluminium grating
(diameter 105 mm) with 1200 grooves/mm is used. The VUV-2 entrance slit is illuminated
via the toroidal mirror M4, located in the VUV-l monochromator chamber. The entrance
slit is adjustable between 5 J-Lm and 2.5 mm. A multichannel plate type position sensitive
detector (PSD) is mounted on the focal plane of the exit arm. An order of magnitude better
resolution, compared to the Pouey monochromator, is feasible due to the longer focal length
(1000 mm), usage of an entrance slit and smaller grating size. The typical resolution of
VUV-2 monochromator was rv 1 A in the first diffraction order. Performing measurements
in the second diffraction order of the grating can increase the resolution as well.

The SUPERLUMI set-up is equipped also with a 0.5 m double monochromator, usually
operating in single configuration, for the visible and ultraviolet (UV) region. This instrument
(BM 50/2) in Czemy-Tumer mounting is manufactured by BM Spectronic [Bec97]. This
monochromator has two different gratings with 1200 and 300 grooves per mm. The typical
resolution of BM 50/2 monochromator was rv30 A. The BM 50/2 is located outside the
vacuum-system and therefore the air absorption determines the short-wavelength edge of
the working range. During experiments with the BM 50/2 monochromator, the VUV-l
monochromator grating is used in the zeroth order as a mirror. With an additional removable
mirror, the light reflected from the grating is directed through the sapphire window into
the BM 50/2 monochromator (Fig. 2.1). An UV-visible sensitive PSD or conventional
photomultipliers are used as detectors. In present work, the BM 50/2 monochromator was
only used for the measurements ofthe incident flux.

All photon detectors at the SUPERLUMI set-up use the principle of single-photon
counting and afford an amplification factor up to 108. For the VUV range, an open micro-
sphere plate detector (MSP) and an open position sensitive detector (PSD) are used. Both
detectors are mounted in the UHV system of the respective monochromators. Experiments
with open detectors require a vacuum of at least rv 10-6 Torr in the sample chamber. Other-
wise gas discharges could destroy the detector, since the vacuum inside the detector is much
worse than in sample chamber. There are also different photomultipliers and a PSD for UV
and visible region, all separated from the common UHV system with windows.



2.4. Detectors and electronics at SUPERLUMI

Most of the experiments presented in this thesis were carried out with the MSP de-
tector attached to the high-flux VUV-l monochromator. The MSP is a plate consisting of
glass spheres (diameter ranging from 20 to 100 j..lm). The surface of the spheres is coated
with high-resistance, but still conductive material which is also a good electron emitter.
Both sides of the MSP are coated with a conductive electrode for applying high voltage.
If a photon impacts into the cathode under negative high voltage, an electron is emitted.
The electrical field accelerates electrons and they move through irregular channels between
spheres in the direction of the anode. If an electron collides with a sphere, secondary elec-
trons are emitted and so the signal is amplified. The working principle of the MSP and a
microchannel plate is very similar, but there is one substantial difference. In channelplates,
an ion feedback exists: the electrical field accelerates ionized residual gas molecules in the
direction of the cathode, hitting the cathode and producing new electrons. In such a way,
every 'real' incident pulse is accompanied by a series of after-pulses. Due to the irregular
channels, the acceleration of residual gas ions is strongly suppressed in a MSP.

~ Producer
Type

Working range (nm) :::;180
Diameter (mm) 32.8
Cathode effective diameter (mm) 27.0
Thickness (mm) 1.41

Cathode coating CsI (1 j..lm)

Amplifier gain 5.106

Time resolution (FWHM, rv3.2 kV)* (ps) 320
Integral dark pulse rate (cps) 5... 10
Max. operating pressure (Torr) 10-5 ... 10-4

Operating voltage (kV) -3.0 ...-3.5

lEI Mul ~
E033DTAlF

Table 2.2: Technical data of the mircosph ere plate (MSP). *The apparatus function obtained
from the measurement of synchrotron radiation pulse (see section 4.5.1).

A high voltage up to 3.5 kV can be applied to the MSP used in the SUPERLUMI
set-up, but the maximum value would cause a decrease of the lifetime of the detector. Time-
resolution decreases as well at higher voltages. Most of the experiments were performed .
with a high voltage value of3.2 kY. The cathode of the MSP is coated with a 1 p,m thick CsI
layer to increase the sensitivity of the detector in the long wavelength region:::; 180 nm. The
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MSP has a very low dark pulse rate which can be as small as 5... 10 cps (counts per second).
In the experiments presented in this thesis, the signal to noise ratio of the MSP detector
was optimized and the corresponding average dark pulse rate was a few tens cps. The most
important characteristics of the MSP detector are summarized in table 2.2. A more detailed
description of the MSP is published in the diploma thesis of S. K6rding [K6r97].

2.4.2 Position sensitive detector for the high-resolution VUV-2 mono-
chromator

The VUV-2 monochromator has about 10 times better spectral resolution than the
VUV-l and therefore the number of photons detectable is also significantly smaller. This
disadvantage can be essentially compensated with using a position sensitive detector for the
VUV [Hag89]. The PSD (Surface Science Laboratories 3391A) is a modified channelplate
detector which consists of 5 channelplates located one on top of the other, and from a mod-
ified anode. The quadrangular anode provides 4 different output signals from each comer.
The special design of the resistive anode affords free diffusion of the charge carriers and
makes possible to calculate the position of the photon incident. This again permits to de-
termine the wavelength of the incident photon. The technical data about the VUV sensitive
PSD are collected in table 2.3.

SSL ~
3391 A ~

~ Producer
Type

Working range (nm) 50... 180
Cathode CsI
Amplifier gain 1.3.107

Time resolution (FWHM) (ns) 1.5

Integral dark pulse rate (cps) 1...3

Max. quantum yield (%) 15
at wavelength (nm) 120

Operating voltage (kV) -3.25



Producer Hamamatsu Valvo Valvo
Type R2059 XP2020 Q XP2230 B

Working range (nm) 160...650 160...600 250 ...650
Photocathode bialkali SbKCs SbKCs
Window quartz quartz borosilicate
Cathode diameter (mm) 46 44 44
Amplifier gain 2.107 3.107 3.107

Rise time (ns) 0.7 0.7 0.7
Dark pulses (cps) 10...15 ",200 50

at temperature (OC) -15 ...-30 -15 ...-30 -15 ...-30
Max. quantum efficiency (%) 30 25 28

at wavelength (nm) 420 400 400
Typical voltage (kV) -2.2 -2.2 -2.2

Conventional photomultipliers were used in the present investigations for the measure-
ments of incident flux and reflectivity. In both cases, the VUV light was converted into
fast broad-band visible emission peaking at ",420 nm using sodium salicylate. Therefore,
the spectral characteristics of the photomultipliers are not especially important, because the
light intensity was always measured at the same wavelength. In order to decrease the dark
pulses, the photomultipliers were cooled with Peltier elements. Additionally, the signal to .
noise ratio can be improved, if the luminescence is measured within a time window not ex-
ceeding the decay time of sodium salicylate. Therefore, the counting of dark pulses from the
photomultiplier outside the time-window is prohibited until the arrival of the next excitation
pulse. Despite of the relatively strong signals in reflection and incident flux measurements
the signal to noise ratio was further improved using the time-window technique. The tech-
nical data for various photomultipliers at SUPERLUMI are shown in table 2.4.

Finally, the SUPERLUMI set-up has an additional VUV detector, namely a solar blind
photomultiplier (Hamamatsu R6836) with a working range 115 - 320 nm. The short wave-
length edge of sensitivity for the solar blind photomultiplier is restricted by the transmission
of its MgF2 window. Also the time-resolution is not so good as that ofthe MSP and therefore
the solar blind detector was not used in the present work. The advantage of the solar blind
photomultiplier is that it can be used in the measurements of RGS at 'higher temperatures'.
The strong sublimation from RGS at elevated temperatures prevents the use of open cathode



Several electronic devices are applied for signal processing at the SUPERLUMI set-
up. The method of 'time correlated single photon counting' is used for measurements. A
single photon causes a signal pulse from the detector and afterwards this pulse is processed
separately. A short overview of the electronic devices at the SUPERLUMI set-up is given
in this section.

Weak detector signals are amplified by a charge sensitive preamplifier and processed by
a discriminator, which provides output pulses according to the widely used NIM (Nuclear
Instruments Method) standard. In the present study, a fast preamplifier (Ortec VT120) to-
gether with a constant-fraction discriminator (Canberra 2126) or an integrated preamplifier-
constant-fraction discriminator (Ortec 9327) were used. The constant-fraction principle of-
fers good time-stability since timing of the output signal is independent from the amplitude
of the detector signal.

Time-to-amplitude converter (TAC) Canberra 2145 or 2146 was used in the time-
resolved measurements. The TAC works as a stopwatch covering time-range from ns to
ms. The TAC has two inputs: one for the start signal (NIM) and a second one for the stop
signal (NIM). The TAC gives an output pulse with an amplitude (voltage between 0 and 10
V) proportional to the time interval between the start and subsequent stop pulse. At the SU-
PERLUMI set-up, the TAC works in an 'inverse' regime, this means that the detector signal
is used as a start pulse and a raster signal from the bunch clock of DORIS is used as a stop
signal. It is important for the measurements with the TAC that not more than one event is
counted per excitation pulse. If there are more events, the TAC takes into account only the
first event and the short-time part in the spectrum or decay curve is overestimated (pile-up
effect).

The TAC has also an integrated single-channel analyzer (SCA). The SCA works as a
selective gate and gives an output signal only if the input signal voltage is located between
an adjustable upper and lower level. In co-operation with the TAC, the SCA affords the
possibility to measure spectra in different time-windows. The TAC together with a multi-
channel analyzer (Canberra 3501) is used for the recording of decay curves as well. In the
'pulse height' mode of the multichannel analyzer, the input pulses are sorted by their voltage
amplitude (i.e. time) to a histogram. This histogram represents the frequency of occurrence
for the emitted photons in the selected time interval - i.e. the decay curve.

Due to the various loss processes, the current in the storage ring decreases leading to
a proportional change of the intensity of synchrotron radiation. Therefore it is necessary
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to increase the counting time proportionally for every experimental point. This is realized .
using a dual counter (Canberra 1776). The DORIS control room provides every experi-
ment with a voltage proportional to the storage-ring current. This voltage is converted to
pulses by a voltage-to-frequency converter (",,50 000 counts per sec at 100 mA). The dual
counter integrates such reference pulses and gives a stop signal for any other device after a
preselected number of reference pulses.

The position sensitive detector for the VUV is provided with four charge-sensitive am-
plifiers for signals from each comer of the anode. A position-computer (Surface Science
Laboratories 2401A) processes such input signals and generates several output signals.
Three of them are used as described below:

a signal with duration 2.5 J-lS and amplitude between 0.5 and 4.5 V,
gives the x-coordinate of the incident photon
similar signal parameters, but for the y-coordinate
position computer output rate - the rate of the detector signal within
the detector region determined by edge-gate discriminators (TTL, 2 J-ls)

The PSD is mounted to the monochromator in such a way, that the y-direction of the
detector is parallel to the dispersion plane of the monochromator. Therefore, the y-position
carries information about the wavelength of the incident photons.

y-position:
strobe:

2.5 Experimental Method

A detected photon causes a weak current pulse in the detector. For example, it can'
be measured with a very sensitive electrometer. If the following electronics is sensitive
,enough', the signals caused by single photons can be separated and processed afterwards
digitally. This is indispensable for time-resolved spectroscopy. The general advantage of
single photon counting is the possibility to improve the signal to noise ratio significantly. A
discriminator processes every signal pulse separately and ignores pulses which do not have
sufficient height and shape being characteristic for the detector. In the ideal case, dark pulses .
of the detector are the only source of noise, because they are not distinguishable from pulses
caused by photons. The maximum permitted count-rate depends on the repetition rate of the
excitation pulses, on the processing dead-time of the electronics and also on the properties of
the signal pulses from the detector. The counting rate should be significantly smaller than the
repetition rate of the excitation pulses (5.2.106 Hz for DORIS in the multi bunch mode). If
more than one signal pulse occurs per excitation pulse, then a short-time part in spectrum or .
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decay curve is overestimated (pile-up effect). A saturation effect shows up if the electronics
cannot separate two sequential signal pulses any more, causing nonlinearity. Most of the
experiments in present work were carried out with a MSP detector. An analysis showed that
the nonlinearity for this detector starts at a counting rate of some 104 cps [Kor97]. Therefore,
always smaller counting rates were used.

An emission spectrum displays the luminescence intensity as a function of emitted
photon energy for fixed photon energy of excitation. The high-resolution VUV monochro-
mator (VUV-2) equipped with the PSD was used for the measurements of time-integrated
high-resolution luminescence spectra of the free and self-trapped excitons, essential for es-
timating the 'quality' of the sample. Using the PSD, luminescence emission spectra can be
measured at selected positions (central wavelength) of the secondary monochromator. The
covered wavelength range is determined by the size of the PSD, extending ± 10 nm from
the central wavelength. Fig. 2.3 shows a principal scheme for high-resolution luminescence
measurements. The four signals of the quadrangular anode are amplified and fed into the
position computer in which the x- and y-coordinate are calculated for each event. From the
position computer, the MeA uses the y-signal as input signal and sorts all pulses forming
a histogram as a function of the y-coordinate. After transforming the y-coordinate to the
wavelength scale, this intensity distribution presents the time-integrated luminescence spec-
trum. By selecting the preset of the dual counter, the spectra are normalized to the same
number of excitation photons already during measurements.

Most of the luminescence and excitation spectra in present work, time-integrated as
well as time-resolved, were measured with the high-flux monochromator VUV-I in combi-
nation with the MSP detector. Fig. 2.4 depicts the schematic diagram of the electronics for
such measurements. No principal difference exists for luminescence emission and excita-
tion measurements. Only, the monochromator to be scanned is different. The photon energy
of excitation is selected for luminescence measurements and the luminescence intensity is
measured as a function of the emitted photon energy. On the contrary, the photon energy
of luminescence is fixed for the excitation spectra. The intensity of the respective lumines-
cence is measured as a function of photon energy of excitation. Detailed information about
the electronic devices shown in Fig. 2.4 was given in the section 2.4.4.
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Figure 2.3: Principal scheme for the high-resolution luminescence measurements with
the PSD and the VUV-2 monochromator. PSD: position sensitive detector, MCA: multi-
channel analyzer, ADC: input of the MCA with analog-to-digital converter, VFC: voltage-
to-frequency converter.

The control of the experiment is achieved with a Digital DEC 300001300 worksta-
tion and using the Mess95 program [Bec97]. This program permits to control scanning
parameters and to watch spectra graphically in real-time. The SUPERLUMI set-up is
CAMAC-based [Bec97]. It means that the computer does not communicate with periph-
ery devices directly, but via the CAMAC ('computer automated measurements and control')
interface. Each measurement starts with a computer control ofthe wavelength of the respec- .
tive monochromator according to the settings given by user. Subsequently, the CAMAC-
based counters are started, collecting data until the dual counter gives a stop signal. The
counterboard has 6 counters which can be used simultaneously. For time-integrated mea-
surements, the amplified and discriminated detector signal pulses from the CFD are counted.
Time-resolved measurements are performed by means of TAC's. Each TAC provides one
time-window. The SCA of the TAC gives an output signal for the counter only for those
pulses which arrive within the length of selected time-window. The moment of the excita-
tion pulse is determined by the raster signal of the bunch clock, delivered from the DORIS
control room.

For the measurements of the decay curves, it is essential to connect the TAC output to
the ADC input of the MCA. The MCA operating in the 'pulse height' mode sorts every pulse
to the respective time-interval. As a result, a histogram of the number of pulses per channel
versus time is formed, i.e. the decay curve (Fig. 2.4). The TAC allows for time-resolved
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Figure 2.4: Principal scheme for time-resolved luminescence and excitation measure-
ments. Secondary monochromator is scanned for luminescence measurements and primary
monochromator for excitation measurements. TAC: time-to-amplitude converter, CFD:
constant-fraction discriminator, VFC: voltage-to-frequency converter, DPC: dual preset
counter, TTL: transistor-to-transistor logic, NIM: 'nuclear instruments method', CAMAC:
'computer automated measurements and control'

measurements in different time-ranges from 20 ns to 1 'ms. Nevertheless, the maximum
decay time range at SUPERLUMI is determined by the time interval between synchrotron
bunches. It equals to 964 ns when DORIS is operated in one bunch mode. For the longer
time-range, SUPERLUMI offers additionally the unique possibility to work with a chopper,
running under UHV conditions [Run97].

For the reflection measurements, the sample is adjusted in a way that the specular
reflection from the sample surface is directed to the sodium salicylate coated window. The
sodium salicylate luminescence, excited by the reflected light, is measured instead of the
direct VUV reflection. The broad band emission of sodium salicylate (maximum at 420
nm, decay time rv IOns) is assumed to have a constant quantum yield under UV to VUV
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excitation [Sam67]. The intensity of the luminescence is measured with a conventional
UV-visible sensitive photomultiplier (see section 2.4.3). Assuming the constant quantum
efficiency under VUV excitation and the invariable shape of sodium salicylate emission
measured by the detector, the recorded reflection spectra do not depend on the detector
sensitivity. Between the sodium salicylate coated window and the photomultiplier, the filter
(BG25) is also applied to select emission of sodium salicylate. The axes of the reflection
channel and of the exciting beam are geometrically located under the 35°. Scanning of the
primary monochromator occurs exactly in same way as measuring the excitation spectra
(Fig. 2.4). The excitation and reflection spectra can be recorded simultaneously at the
SUPERLUMI set-up.

The raw data are affected by different properties of the experimental set-up, as:

• spectral-resolution

• time-resolution

• spectral sensitivity of the registration systems

• spectral distribution of the exciting light

• time-dependence of the intensity of the exciting light

• dark pulse rate of detectors

Due to the energy dependence of the excitation intensity (caused by the light source
and the transmission of the beamline and the primary monochromator) it is necessary to,
correct the excitation and reflection spectra to the incident photon flux. All reflection and
excitation spectra presented in this work are normalized. The flux spectrum incident on the
sample depends strongly on the optimization of the mirrors of the beamline. Therefore, at
the beginning of each beamtime period the incident flux spectrum was measured, and the
positions of the first mirrors were kept constant during experiments.

Monochromators operate usually in wavelength units. An,equality E = he/).. is used
for transforming wavelength ()..)to the energy scale (E). Therefore, all luminescence spectra
plotted in energy scale are deformed because .6.)" = -(he/ E2).6.E is not linear in energy. ,
Luminescence spectra are influenced also by the transmission function of the secondary
monochromator and detector sensitivity. In this work, the emission spectra are not corrected
for two reasons, (i) they do not cover a large range of photon energy, and (ii) no quantitative
conclusions are drawn for the relative intensities.
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Rare gas atoms interact each other via very weak van der Waals forces. Therefore, RG
are in the gaseous state at room temperature and normal pressure. In order to obtain the
liquid or solid state, it is necessary to apply high pressure or low temperature as shown by
the phase diagram in Fig. 2.7. Preparing samples for VUV spectroscopy, the only possibility
is to use low temperature, because no optically transparent materials for a pressure cell exist
in this spectral range.

The preparation of RGS samples depends on many parameters. Not all of them are
perfectly reproducible and so every sample is in certain sense 'unique'. Therefore, it is very
important to control the reproducibility of the experimental results in different samples. On
the other side, it is also significant to measure as much as possible experimental data for the
each particular sample. That is essential for data analysis. A comparison of decay curves and
excitation spectra, measured at same sample, gives more adequate information as comparing
the analogous spectra measured at different samples.

The most important factors affecting the quality ofRGS samples are the following:

• purity of the gas
• cleanliness (residual gas pressure) of the gas-handling system and

sample chamber
• sample temperature and temperature fluctuations during preparation

• gas pressure and pressure fluctuations in the preparation chamber
during sample growth

• sample growing rate
• rate of the sample cooling to the measurement temperature
• temperature fluctuations during measurements
• radiation defects of the sample caused by the exciting light

The purity specification and typical contaminants of gases used in the experiments at
the SUPERLUMI set-up are shown in table 2.5.
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Gas Xe Kr AI Ne
Supplier Spectra Spectra Spectra Unknown*

Gases Gases Gases
Purity specification 5.0 5.0 5.5 4.8

% 99.9990 99.9990 99.9995 99.998
Typical contaminants (ppm)

AI 1.0 2.0
CF4 0.5 0.5
CH4 0.5 0.5

CnHm 0.5 0.1
CO 0.1 0.5
CO2 1.0 0.5 0.1 0.5
H2 2.0 0.5 0.5

H2O 0.5 0.5 0.2 0.5
He 8.0
Kr 5.0
N2 2.0 2.0 2 1.0
O2 0.5 0.5 0.1 0.5
SF6

Xe 5.0

Table 2.5: Purity specification and typical concentration of contaminants for gases used
in experiments at the SUPERLUMI set-up (status of 1998-1999). *A supplier is unknown,
therefore data about typical contaminants are taken from 'Spectra Gases' specification for
similar purity grade.
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The gas inlet system (Fig. 2.5) permits to control the amount of gas during sample
preparation and also to mix different gases for growing doped RGS samples. All gas cylin-
ders are located in the gas cabinet for safety reasons. Every cylinder is provided with a pres-
sure reducer and a mechanical manometer. Several UHV valves used in the gas-handling
system, permit to mix different gases without polluting gases in different cylinders. A gas
mixing chamber is provided with two pressure gauges (MKS Baratron) with different sen-
sitivity: a high- (10 Torr range) and a low-sensitivity (1000 Torr range) gauge. The high-
sensitivity gauge is used particularly for doping experiments to control the amount of the
dopant. The low-sensitivity gauge affords to monitor the sample growing rate and also to
control the amount of the matrix gas in the case of doped samples. A turbomolecular pump
(Pfeiffer TMU 260) is used for evacuating the system. It is mounted on the bottom of gas
mixing chamber, being separated from the chamber with a 'big' DRV valve (CF 100). The
typical pressure of residual gases in the mixing chamber is below 10-9 Torr.

Xe Ar Ne
5.0 5.5 4.8

GCV

PRY

gas
cabinet Kr

5.0

Figure 2.5: Gas inlet system. Pl,P2: UHV pressure gauges, P3,P4: gas pressure gauges
(MKS Baratron), TP: turbomolecular pump, BV: 'big' UHVvalve, M: mechanical manome-
ter, GMC: gas mixing chamber, PRV pressure reducing valve, GCV: gas cylinder valve. All
other valves, shown in the picture, are high conductivity UHV valves.
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Time
20 min 3 days

Pressure before reconstruction (Torr) worser as 10-2 10-4

Pressure after reconstruction (Torr) 10-6 10-8

Table 2.6: Pumping rate oJthe residual gases in the gas inlet system beJore and after recon-
struction (measured with PI). Time is measuredJrom the start of the turbopump after the
complete venting oj the gas-system.

During the present work, a significant reconstruction of the gas inlet system was per-
formed. Due to the small diameter (3 mm) tubes and valves used earlier between the gas
mixing chamber and the gas cylinders, the pressure near the gas cylinders was relatively
bad (table 2.6). Therefore, the purification of the system occurred only with the help of
multiple rinsing with valuable rare gas. Nevertheless, the cleaning of the system was not.
sufficient and always some additional tens of ppm of impurities (gas which has been used in
the previous experiment) was found in the grown samples. For example, if xenon has been
used before an experiment with krypton, a remarkable xenon impurity line at 9.7 eV was
observed in krypton luminescence spectra. Such a vacuum problem in gas-handling system
arose some years ago, when new safety regulation in HASYLAB were introduced. As a
result of storing gases in a special cabinet, a pumping efficiency of the gas-handling system .
was significantly reduced.

By replacing the 3 rnm diameter gas tubes and low-conductivity valves with 15 rnm
diameter bellows and high-conductivity UHV valves, the vacuum conditions in the gas sys-
tem were considerably improved again. As table 2.6 demonstrates, at the maximal distance
from the turbomolecular pump (at the pressure gauge PI), pumping is now faster by four
orders of magnitude than before. It is especially important for the doping experiments, .
where during relatively short time different gases are used.

The system for sample growth is shown in Fig. 2.6. In the present work, a He-flow
cryostat (Leybold) with an integrated heating element (resistance 6.5 .0) was utilized. For
the temperature control, a temperature controller (Lake Shore Cryotronics, model 330) and a
silicon diode (DT-470, Lake Shore Cryotronics) were applied. The temperature control was
based on changing of the heating power at a constant flux of helium. The working range of .
this cryostat is 5 - 400 K. The upper limit of the temperature is determined by the melting
point of indium (an indium seal is used between cryostat and sample holder for improving
heat conductivity) and the lower limit is due to the liquid helium cooling.

The copper sample holder has an elevation with a conical shape which fits to a movable
cylindrical stainless steel preparation chamber with a wedge-shaped edge. The preparation
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chamber is connected with the gas inlet system by a thin stainless steel tube. Under UHV
conditions, the chamber can be pressed against the sample holder by the aid of a linear
manipulator. A variable leak valve (Granville Philips, model 203) is used to change gas
flux during growing process. The growing rate is calculated on the basis of change of the
pressure in the gas mixing chamber. There is also a high sensitive pressure gauge (MKS
Baratron, 10 Torr range) which affords measurements of the pressure in the preparation
chamber. It is important to note, that the pressure measured by the gauge at 30 em distance
is not exactly equal to that in the preparation chamber.

He-flow_
cryostat

j'Crr0SI03.cdr'"" - - - - -,

I I
I I
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variable leak
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Various growth methods ofRGS samples exist [KV77]. To illustrate different growing
methods, the p-T diagram for Kr is shown in Fig. 2.7 [And89, KV77]. The simplest possi-
bility to prepare RGS sample is to direct the gas onto the cold sample holder. 'Cold' is here
a relative notion and is determined with the sublimation temperature at given pressure. The
thermodynamic equilibrium conditions are not fulfilled for such kind of sample preparation.
The prepared samples have irregular macroscopic structure consisting of tiny crystallites
and look like snow in visual observation.

Theory predicts that the best crystals can be grown through the liquid phase in nearly
thermodynamic equilibrium conditions. Such kind of growing technique has been developed
and used for several years in Tartu for growing large single crystals with volume I to 2 cm-3

[KKLN87]. The upper arrow in Fig. 2.7 characterizes such kind of growing method.
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Figure 2.7: p - T diagram for the krypton on the basis of data from [KV77, And89}. Two
different preparation methods are sketched with arrows.

In the present work, the growth from vapour was used, giving good quality polycrys-
talline samples (the lower arrow in Fig. 2.7). The basic principles of the crystal growth
predict good samples if the phase transition from gas to solid takes place at nearly thermo-
dynamic equilibrium conditions at relatively 'high' temperature (as near to the triplet point
as possible). To fulfil the required conditions, it is essential to use a preparation chamber in
order to maintain a relatively 'high' pressure.
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Figure 2.8: A mass spectrum of the residual gases in the sample chamber with cooled (7
K) sample holder. Arrows denote the peaks corresponding to the most important traces of
residual gases.

At the SUPERLUMI set-up, the preparation chamber is formed by the sample holder
and stainless steel tube if they are pressed together (Fig. 2.6). After opening the gas flux
to the preparation chamber, the pressure in chamber increases until thermodynamic equi-
librium is reached, and then the growing process starts. In this way it is possible to grow
samples at 'high' substrate temperatures under nearly thermal equilibrium conditions. With-
out any additional gasket, a vapour pressure up to 10 Torr is achievable inside the preparation
chamber. Such a pressure in the preparation chamber causes a rise of background pressure
in the experimental chamber up to 10-5 Torr. The growing rate of the sample is controlled
with the variable leak valve. If the desired thickness of the sample is obtained, the gas inlet
is closed, and the sample will be cooled down. The cooling rate has to be small (in the
present work f'V I K/min or slower). Very quick cooling down can damage the sample due
to the internal stress. In order to open the preparation chamber, temperature below 40 K is
needed for Kr samples. At higher temperature, the sample sublimates due to the very small
background pressure in the sample chamber. During further cooling down, some cracks ap-
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~ Krypton I Krypton I
sample 13 sample 24

Preparation temperature K 84.0 84.3
Preparation pressure Torr 6.2 7.3
Growing rate (used gas amount) Torr·l/h 5.6 4.7
Growing rate pm/min 2.7 1.9

Preparation time h 2.5 2.7
Average cooling down rate K/min 1.0 1.0

Sample thickness mm 0.4 0.3
Peak maximum intensity ratio FE/STE* 1.5 0.54
Integral intensity ratio FE/STE* 0.041 0.016

Table 2.7: The preparation parameters and luminescence properties o/two different sam-
ples. *Measured with spectral resolution 1.1A.
pear in the sample around 20 K due to the different expansion coefficients of solid Kr and
the copper sample holder.

Immediately after the opening of preparation chamber, residual gas layers start to con-
dense on the surface ofRGS sample. Fig. 2.8 demonstrates a typical mass spectrum of the .
residual gases in the sample chamber in the case of a cooled (7 K) sample holder. Due to the
very good vacuum conditions at the SUPERLUMI set-up the contamination of the surface
is much slower compared to most of earlier studies ofRGS.

Some preparation parameters used for growing two typical samples are shown in table
2.7. In the present work, in most cases, a pressure of p::::::8 Torr and a temperature T:::::: 84

K were used for preparation. These values are not exactly coinciding with those of the
phase diagram, because the pressure is not measured directly in the preparation chamber
(see section 2.6.1). The average growing rate (in terms of used gas amount) was normally
about 5 Torr·l/h. The used amount of gas is found from the decrease of the gas pressure
in the known volume: gas mixing chamber (1.0 1) together with the bellow between gas
mixing chamber and preparation chamber (0.7 1). Since the sample diameter is specified by
sample-holder diameter (9 mm), the sample thickness was estimated from these data.

The intensity of free exciton (FE) luminescence line depends very strongly on the sam-
ple quality. Therefore, the FE and self-trapped exciton (STE) luminescence intensity ratio
is used as measure of the sample quality. The integral FE/STE ratios and FE/STE peak
maxima intensity ratios are also given in table 2.7.
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Chapter 3

Theoretical overview

From several points of view, rare gas solids (RGS) are the simplest solids that exist
in nature. The peculiar properties of RGS are a consequence of the closed shell electronic
configuration of the atoms (He:ls2; Ne to Rn ns2np6, n=2, ...,6). The binding energies of
the valence electrons are so large that the closed-shell nature of the atoms is conserved in
the condensed phase, in which the atoms are held together by weak Van der Waals forces.
As a result of the high ionization energy of atoms, RGS are dielectrics with extremely large
band gap. Due to the special properties of helium (strong quantum mechanical effects) and
radon (instability), in the present work the term rare gas (RG) is used only for neon, argon,
krypton and xenon.

First of all, in this chapter a short overview about the properties ofRGS (band structure,
Van der Waals interaction) is given. Then, different excitonic effects are discussed, like free
excitons (FE), self trapped excitons (STE), exciton polaritons, etc. Several models for cre-
ation of excitons will be also discussed: FE creation through electron-hole recombination, .
FE creation via electron-electron scattering and creation of electronic polaron complex. A
detailed model for the dynamics of electron-hole recombination into the FE state is pre-
sented as well.

Surveys about excitonic properties of RGS can be found in several review papers by
Zimmerer [Zim87] and Fugol [Fug78, Fug88]. A large amount of theoretical and exper- .
imental results (published in the field of the RGS until 1975) are collected in the books
edited by Klein and Venables [KV76, KV77]. More recent information about electronic
excitations in RGS is published by Schwentner et al. [SKJ85]. Profound information about
classical exciton theory is presented in the books by Dexter and Knox [Kn063, DK65].



The discovery of the rare gases occurred about a century ago [KV76]. The reasons
why rare gases have not been found earlier, were due to the chemical inertness and a small
concentration in the atmosphere (1.28 wt. % argon, other gases in smaller amount). As a
result of the spectroscopic investigations in 1868, the astronomer Lockyer discovered a new
extraterrestial element helium (from Greek helios - 'sun') which showed up as a number of
bright lines in the spectrum of the solar chromosphere. In spite of this discovery, it took
additional 27 years, until W. Ramsay understood the real nature of helium. The discovery of
argon ('the idle one') is linked with the names of Lord Rayleigh and Sir William Ramsay.
Lord Rayleigh tried to prepare highly pure nitrogen and noticed that nitrogen prepared from
ammonia, and expected to be pure, is slightly lighter than atmospheric nitrogen. In collab-
oration with Sir Ramsay, they found out that the reason was a heavy gas in atmospheric
nitrogen. From the ratio of the specific heats, Cp/Cv, they also concluded that argon must be
monoatomic. This together with the zero valence caused new problems, how to find proper
place for argon in the periodic table. Either there existed a whole family of new gases, or
Ramsay had a real problem in his hands. In 1895, Ramsay separated terrestrial helium. He-
lium fitted into the periodic table of elements without any problems. The new column VIII
was created and there were more rare gases to be found. Krypton ('the hidden one') was
discovered in May 1898, neon ('the new one') in June and xenon ('the strange one') in July.
The last rare gas, radon, was found by Ernest Rutherford in 1900 and together with Ramsay
he proved that it was a member of the rare gas family (1907). Radon does not have a stable
isotope and it decays with half-life of 3.8 days. In 1904, Lord Rayleigh received the Nobel
Prize in physics for his contribution to the discovery of argon. In the same year, Sir William
Ramsay won the Nobel Prize in chemistry for his work in the discovery of argon and the
other noble gases and for his hypothesis that inert gases constitute a new family of elements
in the periodic table, fully confirmed by his studies.

3.2 Rare gas solids

Rare gas atoms are electrically neutral, but they induce dipole moments in each other,
and the induced dipole moments cause an attractive interaction between the atoms. Such
kind of interaction is called the Van der Waals interaction. At large internuclear distances,
the Van der Waals attraction of two rare gas atoms behaves like Patt(r) = -Alr6 (dipole-
dipole interaction, A > 0). Higher order interactions as quadrupole-dipole (ex: l/r8),
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quadrupole-quadrupole (ex: 1/ rID) etc. can be ignored in first approximation [Fug78]. As
soon as the electronic clouds of adjacent atoms penetrate into each other, strong repulsive
forces show up, the reasons for which are given by the Pauli exclusion principle. The re-
pulsive part of the potential energy can be well approximated by Prep (r) = B / rn where
10 ::; n ::;14 and B > O. One of the most widely used potentials is the Lennard-Jones
[12-6] potential, which has the form

where E is the depth of the potential well, r is the internuclear distance and (J is the distance
between the atoms in the case of P(r) = 0, being equal to the atomic core diameter.

Luminescence spectra of the self-trapped excitons in RGS and rare gas molecules in
gaseous phase have several common properties [Zim87]. Therefore, a short overview about
luminescence of the rare gas molecules is presented. In the ground state, RG atoms interact
with each other only via weak Van der Waals forces, as was described in the previous section.
The situation changes drastically, if we regard a pair of atoms, where one atom is in an
excited (R*) or ionized (R+) state. Interaction of such an atom (or ion) with the atom in .
the ground state leads to the formation of an excimer (i.e. excited dimer) molecule (R2)
or molecular ion (Rt) [MuI70]. The excimer molecule is a simple analogue of the trapped
molecular-type exciton in RGS (see section 3.4) and the molecular ion is that of the trapped
hole center in RGS.

In the context of present work, the lowest excited states IL:t (ot) and 3L:t (lu,O~)
of the excimer molecule are most important. The potential curves for these states and for
the ground state IL:; (0;) are shown in Fig. 3.1 [KMC97, BWS87]. ot is short lived
(radiative lifetime at zero pressure: T o;t=4.7 ns [KMC97] or T o;t=3.4 ns [MRG+89]) and
lu long lived (radiative lifetime at zero pressure Tlu=172 ns) state [KMC97]. The third O~
state is situated about 1.5 meV below the lu state and has strongly metastable character. The
lu and O~ states are easily mixed in the gas-cell experiments. As a result they emit like a
common state lu/O~ with the lifetime Tlu/O~=264 ns, being in good agreement with gas
phase measurements [KMC97, MRG+89].

The molecular emission spectra of the rare gas excimers are characterized by three
types of continua in the VUV spectral region. The most important one for the present work
is the second emission continuum of the rare gases with its maximum at 9.9, 8.4 and 7.1
eV for Ar, Kr and Xe [GKLS92], respectively. The second continuum is well known and



34 3. Theoretical overview

10.2
0+

3p +IS10.0 u

IL:+ 1 0
u 3p +IS,-.... 1 0-> 9.8 2 0

u' u
(1)
"-'>-. 9.6 3L:+
b1)
l-< u
(1)
l=:
(1)•...... secondcd.•...• 1.0.•...

continuuml=:
(1) 0.8.•...
0P-; 0.6

0.4
0.2 IS +IS .~

o 0 'i.

0.0 I
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Internuclear distance (A)

Figure 3.1: Some relevant potential curves for Kr;, eximer (on the basis of [KMC97) and
[BWS87J).

can be unambiguously assigned to the transitions from vibrationally relaxed 1,. and O~
excimer states to the repulsive ground state 0;. The exact position and shape of the second
continuum depend to some extent on the experimental conditions. The second continuum is
the analogue of the molecular type STE luminescence in RGS. At low gas pressures (f'V 100
mbar) another well-known feature, the so called first continuum, appears in the emission
spectra of pure gases on the long wavelength side of the 3PI ~ ISOatomic resonance line.
The first continuum is attributed to the transitions from vibration ally unrelaxed excimers
to the ground state at internuclear distances near the shallow van der Waals minima in the
ground state [KDS95]. Such an emission from the vibrationally unrelaxed states is a simple
analogue of the 'hot luminescence' in RGS.

The atomic lines 3PI ~ ISOand 3P2 ~ ISOhave energetic locations of 10.033 eV
and 9.915 eV in Kr, respectively [Mo058]. Opposite to the energetic separation of atomic
lines (118 meV), the difference between the two lowest potential curve is not precisely
known. In the literature several experimental values are quoted: Morikawa et al. 60 meV,
Dassel et al. 110 meV, Audoard et al. 98 meV [AS9l, and references therein].



Rare gases condense only at low temperatures or at high pressure (phase diagram for Kr
is shown in Fig. 2.7 p. 27). They form aJace centered cubic (fcc) crystal lattice, only helium
crystallizes in a hexagonal closed-packed structure (hcp) under high pressure. Since the
hcp structure is only slightly energetically less favorable than the fcc structure, under some
preparation conditions (for example near crystal defects) the hcp phase can coexist with the
fcc structure in other RGS as well [Fug78]. Each atom in the fcc lattice is surrounded by 12
nearest neighbours. As the Wigner Seitz cell of the rare gas crystals contains a single atom,
their phonon spectra consist of three acoustic branches only, namely one longitudinal and
two transverse.

The cohesive energy of a solid is the energy required to disassemble it into its con-
stituent parts - i.e., its binding energy. Ifwe neglect the kinetic energy of the inert gas atoms
and take into account only interaction between pairs of atoms (i.e. namely, the pair approxi-
mation), the cohesive energy of an inert gas crystal is given as a sum over the Lennard-Jones
potentials (Eq. 3.1) of all pairs of atoms in the crystal. If there are N atoms in the crystal,
the total potential energy is

where Pij R is the distance between the reference atom i and any other atom j, expressed
in terms of the nearest neighbor distance R. The factor 1/2 is needed, because each pair of
atoms is counted twice. For the fcc structure, the cohesive energy is

Utotal(R) = 2Nc [12.13(~r2-14.45 (~r] .
Quantum-mechanical corrections reduce the binding energy by 28, 10, 6 and 4 per cent for
Ne, Ar, Kr and Xe respectively [Kit86]. Simultaneously, multi-particle interactions increase
energy again about 6 % in the case ofXe [Fug78].

Assuming Utotal as the total energy of the crystal, the equilibrium value of the nearest
neighbour distance Ro is obtained from

dUtotal 0 h' h' Ro 1 09dR = w IC gIves -;; = . .

This theoretical ratio is the same for all elements with the fcc structure and it is in good
accordance with experimental results.

Some important physical properties of krypton atoms and solid krypton are given in
table 3.1.



Atomic number 84
Molecular weight (amu) 83.8
Electronic configuration 4s24p6

Triple point temperature (K) 115.76 [KV76]
Triple point pressure (mbar) 729.94 [KV76]
Sublimation temperature at 10-5 Torr (K) 45.5 [KV76]
Density at 5 K (g/cm3) 3.0926 [KV77]
Lattice constant a at 5 K (A) 5.646 [KV77]
Nearest-neighbour distance, f.c.c. (A) 3.98 [Fug78]
Binding energy per atom (meV) 123.2 [Fug78]
Debye energy (meV) 6.2 [Fug78]
Debye temperature eD (K) 71.7 [Fug78]

Lennard-Jones parameters
Depth of the potential well E (meV) 14.2 [Fug78]
Atomic core diameter (J (A) 3.6 [Fug78]

Maximal phonon energy
Transverse (meV) 4.3 [KV77]
Longitudinal (meV) 6.2 [KV77]

Veloci ty of sound at 10K
Transverse Vt ( m/s) 765 [BTB72]
Longitudinal Vz ( m/s) 1369 [BTB72]

Ionization energy of the atoms Ia (eV) 13.996 [Moo49]
Band gap energy at the r point E 9 (eV) 11.61,11.59 [Sai80], this work
Total width of the valence band (eV) 2.3 [SHS+75]
Spin-orbit splitting ~ (eV) 0.69,0.70 [Sai80], this work

~ Low frequency dielectric constant Er
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Figure 3.2: Schematic band structure of solid krypton (Eg-band gap energy, /:::;.-spin-orbit
splitting, E a-electron affinity, I g-ionization energy).

Fig. 3.2 shows a schematic band structure for solid krypton [KV76]. Several properties
of the band structure are induced by the closed shell electronic configuration of the krypton
atoms. So, the band gap between upper valence band and conduction band is extremely
large. The valence band is splitted into two sub-bands due to the spin-orbit interaction of the
p-symmetric hole. Both sub-bands have their maxima in the centre of the Brillouin zone (at
the r point). The bands are ascribed to the total angular momentum of holes j = ~(upper
valence band) and j = ~ (lower valence band). The j = ~band is split in the crystal field
except at the r point. In accordance with the narrow valence bands, the effective masses of
the holes are relatively large.

The minimum of the conduction band is also situated in the centre of the Brillouin
zone. The lowest part of the conduction band corresponds to the atomic 4p5SS configuration.
Therefore, the unoccupied states near its minimum have s-symmetry. Consequently, optical
transitions between states near the top of the valence band and the bottom of the conduction
band are dipole allowed.
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Figure 3.3: On the left: calculated band structure oj solid krypton for valence band and
lower states of the conduction band [Ros70j. On the right: Brillouin zone ofthefcc struc-
ture.

A number of the electronic structure calculations of krypton have been performed in the
past [Ros70, KM73, BPP88]. Fig. 3.3 (on the left) shows the band structure for solid krypton
calculated by Rossler [Ros70], and on the right, the Brillouin zone for the fcc structure is
depicted.

In several pure dielectrics and semiconductors, reflection and absorption spectra show
structures at photon energies just below the energy gap, where the crystal is expected to
be transparent. Such structures are caused by the absorption of photons leading to the cre-
ation of bound electron-hole pairs. An electron and a hole are bound together by attractive
Coulomb interaction. This kind of bound electron-hole pair is called exciton. An exciton
can move through the crystal and carry energy, but it does not carry any charge, because it
is electrically neutral. In Fig. 3.4, the first published VUV absorption measurement of solid
krypton is shown [Ba162]. The absorption lines are caused by optical creation of excitons.

Similar to electronic states in a hydrogen atom, exciton states form also series. The
energetic positions of such exciton states from the bottom of the conduction band are pro-
portional to l/n2 (n is the main quantum number). The band gap in RGS corresponds to
the ionization limit of the hydrogen atom. Such kind of behaviour of excitonic states can be



explained in the framework of the Wannier model (see p. 41). Due to the spin-orbit splitting

of the valence band, two exciton series exist, shifted by the 6. (6. is energy difference of

the lower and upper valence band at r point). Excitons consisting of an electron bound to

the valence hole with j = ~or j = ~are often called r (~)or r (~)excitons, respectively.

A collection of the energetic positions of excitons in solid Kr from various experiments are

shown in table 3.2.
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Figure 3.4: Thefirst published VUV measurement oj the absorption oj solid krypton (a thin
Kr film at 20 K) [BaI62].

Additionally, the longitudinal-transverse splitting of excitons exists. The energy of an

exciton depends on the orientation of its electric-dipole moment i1 relative to its momentum

R vector. In the case of cubic crystals, in the limit IRI - 0, only two possibilities have'

to be taken into account: (i) i1 II R, this is called a longitudinal exciton with energy EL,

(ii) i1 ..L R, this is known as a transverse exciton with energy ET. The energetic difference,

EL-ET, is proportional to ItL12
• Observation of longitudinal excitons is usually restricted

to electron energy loss spectroscopy. In optical (R ~ 0) transmission experiments under

normal incidence the longitudinal excitons normally do not couple to the incident trans-

verse electromagnetic field. However, in reflection geometry and for rough surfaces optical

excitation oflongitudinal modes becomes possible [SKJ85].

Since an exciton can freely move through the crystal, it is called free exciton (FE). Free



[Bal62] [Sai76] Present work
Experimental method absorption absorption reflection

Temperature 20K 6K

volume (j=3/2) n=l 10.19 10.17 10.14*
n=2 11.24 11.23 11.23

n=3 11.48 11.44 11.43

n=4 - 11.52 11.50

n=5 - - 11.54

(j=1I2) n'=l 10.88 10.86 -**

n'=2 11.95 11.92 11.90
n'=3 - (12.21) 12.15

surface (j=3/2) n=1 - 9.95 9.94
n=1 - 10.02 -
n=2 - 11.03 -

(j=1I2) n'=1 - 10.68 10.66

Table 3.2: A collection of the experimental values of exciton energies in solid krypton. *A
value from high-resolution luminescence measurements [Var94]. **This exciton is observed,
but due to the longitudinal-transverse splitting the exact position is not well defined (see
details in section 4.4.).

excitons can interact with acoustical phonons and this interaction may lead to a transition
from a free delocalized state to a localized state (so called exciton trapping). Trapping may
either take place in a perfect crystalline environment (process is called self-trapping and
the corresponding exciton is called self-trapped exciton - STE) or at lattice defects like a
vacancy. Therefore, the co-existence of free and self-trapped excitons leads to simultaneous
observation of different luminescence bands, all being caused by excitons (see section 3.4,
p.45).

The 'correct' theoretical description of the properties of the excitons is a complicated
problem and therefore several approximations were developed. The most important param-
eter determing the properties of an exciton, is the distance between the electron and the hole
involved. There exist two limiting cases for excitons, namely the so-called Wannier-Mott
excitons (large-radius exciton) and the Frenkel excitons (small-radius exciton).



In the Wannier-Mott model [Wan37, Mot38, Kn063, Zim87], the electron and the hole
are spatially well separated. They interact via the Coulomb forces and the atomistic structure
of the solid can be neglected. Under these assumptions, the energy of the exciton (using SI
system) is [Zim87]:

where the second term is the internal energy of the exciton and the third term is due to the
exciton centre-of-mass motion. Here p, = me mh/ (me + mh) is the reduced mass of the
exciton, me and mh are the effective masses of electron and hole, K is the wave vector
of the centre-of-mass motion, Cr is the dielectric constant of the medium, B* is called the
binding energy of the exciton series and n is the main quantum number. Analogously to the.
hydrogen atom, the so-called exciton radii are defined as

h2crco 2r =---n.
n 7r p,e2

The Wannier-Mott model is a good approximation for exciton radii rn » lattice constant.
Due to the small momentum of the photons, only exciton states at IK I ~ 0 are probed .
in photoexcitation measurements. Therefore, the third term in Eq. 3.5 can be ignored in
present work.

In the Frenkel model [Fre3l, Zim87], the excitonic excitation of an insulator is approx-
imately an atomic-type excitation. The hole and the electron are localized at the same lattice
site, but the excitation can hop from one atom to another by virtue of the dipole-dipole inter-
action between neighbours. The Frenkel exciton excitation energy Ef from the ground state
to the excited state f can be represented as

where (i) ~f. f is the excitation energy of the free atom, (ii) D I is the environmental energy .
shift resulting from interaction of one excited atom with all surrounding atoms of the lattice,
(iii) B1eK) is the energy of the excitation transfer from one atom to another in the crystal
[Fug78].



The relative distance between electron and hole determines the validity of the Wannier-
Mott and the Frenkel model. The Frenkel model is good for exciton radii smaller than the
lattice constant, whereas the Wannier-Mott model works for exciton radii significantly larger
than the lattice constant. For n~2, the energies of excitons in all RGS are well described
with the Wannier model, but the n=l excitons in solid Ne can be interpreted as Frenkel
excitons [Zim87]. The situation is more complicated for n=l excitons in solid Xe, Kr and
Ar, where the Wannier radius of the n= I exciton is close to the lattice constant. That kind
of excitons are called intermediate excitons.

It is important to point out that all members of excitonic series observable in reflec-
tion/absorption spectra are free excitons which can transport energy through the crystal.
Nevertheless, in the literature (including this work), 'free exciton' is used very often as a
synonym for the emission of n=l exciton, since luminescence only from the lowest exci-
tonic state, i.e. from the n=l exciton is observable in the experiment.

To describe the line shape and the width of the n=1 and n '=1 excitons in absorption and
reflection spectra, it is necessary to use the exciton-polariton model. Generally, the polariton
model is used, if the coupling of the radiation field to the oscillator is so strong that it can no
longer be treated as a small perturbation. In that case, Maxwell's equations inside the solid
have to be solved in the presence of an oscillator which gives rise to polarization of the solid.
If this oscillator is an exciton, the polariton is called exciton polariton. The basic concept of
the exciton polariton is published in the books of Knox and Dexter [DK65, Kn063]. Special
aspects of the exciton polariton in RGS are discussed by Kink and Selg [KS79] and as well
by Fugol et al. [FGS82, Fug88]. In the present work, K is generally wave vector of the
excitons and r is wave vector of the photons. However, in the case of exciton-polariton K
and r are indistinguishable and therefore only r is used in this section.

The Lorentz model describes the classical interaction between an electromagnetic
wave and a medium. In this model, a dispersive and absorbing medium is characterized
as a collection of harmonic oscillators with mass m, charge -e, and natural (undamped)
frequency wo, in the presence of a damping force. An electric field E(f', t) is taken into
account in the plane-wave form



m (:t22 u(f', t) +1:t u(r, t) + w6u(f', t)) = F(f', t) = eE(f', t), (3.9)

where u(r, t) measures oscillators displacement from the equilibrium position and F( r, t) is
applied force, generally an electrostatic force eE(r, t). Here, the phenomenological damp-
ing constant 1 is used. As a result, the Lorentz model gives the frequency dependence on
the complex dielectric constant as

w2

c(w) = 1+ 2 :.
Wo -w - 'lIW

Ne2
. h 2WIt Wp = --,

com

where N is the density of the oscillators and co is the dielectric constant. Details about the
Lorentz model are discussed e.g. in [DK65].

Proceeding from the Maxwell's equations, two possible solutions (transverse and lon-
gitudinal) exist for the plane harmonic waves (Eq. 3.8) in the medium. The transverse so-
lutions (E 1- k) of the Maxwell's equations are determined by the condition [DK65, Kli95]

c2k2

-2 = c(w), (3.11)
W

where c is velocity of the light. If applying dielectric constant from the Eq. 3.10, then we
obtain

The analogous condition for the longitudinal solution (E II k) is given with equation
c(w) = 0 [DK65, Kli95], which yields, using Eq. 3.10

w2

1 + 2 :. = O.
Wo -w - 'lIW

Such a solution does not exist in the vacuum, since cvac=1. In the case of a medium, the
longitudinal solution is obtained from Eq. 3.13, and using 1=0 (damping is neglected), it is .

This longitudinal solution does not have any dispersion.
The dielectric function (Eq. 3.10) for the simple case has to be modified if spatial

dispersion effects are taken into account. Kink and Selg [KS79] described the dielectric
constant especially for RGS as follows

p
c (w, k) = c(O) + ~V(k) _ w2 _ iwr(k)'



Here, c(0) is the part of the dielectric constant which is independent from frequency, P
is proportional to the transition oscillator strength F and r(k) is the phenomenological
damping coefficient. The characteristic exciton frequency O(k) is given by the formula

The quantity P can be expressed through the low frequency limits oflongitudinal (OL) and
transverse (OT) excitons:

where V is the volume of the elementary cell, mo is the free electron mass and e is the
elementary charge [Dav76]. The oscillator strength is proportional to rv 1/n3 [Kn063]. It
also means that (Oi - O}) rv 1/n3 and therefore polariton effects are not observable in the
case of excitons with the main quantum number n~2.

Fig. 3.5 shows the dispersion curves for the exciton-polariton in two different scales of
the wave-vector for solid Kr (dielectric constant from Eq. 3.15, damping is neglected). The
region, where k-vectors are close to the photon wave vector, is shown on the left. The region
of the k-vectors, which are significantly larger than the photon wave vector is depicted on
the right. In Fig 3.5, the dispersion curve for a photon (dash-dot line), a longitudinal (dotted
line) and a transverse exciton (dashed line) are also shown for solid krypton. Transverse
exciton-polariton branches are marked with T 1 and T2. The branch T2 behaves like a photon
if the energy is significantly smaller than ET = hOT (e.g. point F) and the branch T1behaves
like a photon if the energy is significantly larger than EL = hOL. If the wave vector of
exciton-polariton is significantly longer than the photon wave vector, the exciton-polariton
behaves like an exciton (e.g. point G).

Polariton effects are well pronounced, if

f"2h ~ ~LT = EL - ET [NTA80, Fug88].

In the case of solid Kr, ET=1O.13 eV [Var94] and EL=10.29 eV [Sai80], i.e. ~LT is rvO.16
eV. In solid Kr, the damping constant f is not known, but it is expected to be comparable
with the value for solid Xe (hf smaller than 0.01 eV[Fug88]). Hence, the exciton-polariton
description is applicable for solid Kr.
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Figure 3.5: Dispersion curves for the transverse branches (T 1, T2 - solid lines) of an exciton-
polariton in two different scales for solid Kr. The dielectric constant is taken from Eq. 3.15,
damping is neglected. On the left: the length of k-vectors is comparable to the length of
the photon wave vector. On the right: the k-vectors are significantly larger than the photon
wave vector. Dispersion curves for a photon (dash-dot line), a transverse exciton (dashed
line), and a longitudinal exciton (dotted line) are also shown. ET and EL mark the lowest.
energies of transverse and longitudinal excitons, respectively.

3.4 Coexistence of free and self-trapped excitons

Free excitons (FE) and self-trapped excitons (STE) may coexist in crystals with broad
exciton band, where FE and STE-states are energetically separated by a sufficiently high·
potential barrier. The heavy RGS (Kr and Xe) are of that kind, and the resonance emission
of the FE and the Stokes-shifted emission of the STE are observable in the luminescence
spectra. In a solid-state model two different approaches are used to describe FE and STE
emissions. The FE emission is described in terms of delocalized state and effective-mass
approximation, while for the emission of the trapped excitons (either self-trapped or trapped
at lattice defects) a local-configuration coordinate model is applied [Zim87]. Using config- .
uration coordinate, schematic potential curves for FE and STE state are shown in Fig. 3.6.
Also different possibilities for the radiative decay of excitons are shown.

Two different kinds of STE exist in RGS: the molecular STE (m-STE) and the atomic
STE (a-STE). The molecular STE can be treated as an excimer molecule in a RG matrix. The
a-STE can be handled as an excited atom embedded in a matrix of the same kind of atoms.
Since the a-STE is not observed in heavier RGS (Xe and Kr), in this work the abbreviation .
STE is always used for the molecular STE.
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Figure 3.6: Simplified potential curves for the FE and STE state. Q is the configuration
coordinate and H max is the barrier height between FE and STE state. Three different possi-
bilities to pass the potential barrier are shown. Different possibilities for the radiative decay
of the exciton are depicted as well.

A transition from the metastable delocalized to the stable localized exciton state (over-
coming the barrier) is called trapping. Trapping may either take place in a perfect crystalline
environment (self-trapping) or at lattice defects like vacancies.

In first approximation, the total decay rate of FE is given by

where r rad is the radiative decay rate of FE and r ST is the self-trapping rate for FE [Zim87].
In such a case, additional decay channels are neglected and the wavelength-integrated inten-
sity ratio of FE and STE bands gives relation between rrad and rST, which is

This integral ratio has been measured for solid krypton by Roiek (0.004 at 7 K) [Roi84] as
well as by Yarding (0.048 at 5 K) [Var94]. The best integral ratio of present work (0.04,
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sample 13 at 6 K, excited by 10.42 eV photons) is comparable with Yarding's result. Such a
simple method gives a strongly overestimated value for f ST, since significant non-radiative
losses as well as exciton trapping near defects exist besides self-trapping. This estimation
is supported by the data from experiments by Yarding et ai., where the integral ratio of .
IFE/ ISTE ~O.35 was obtained in solid Xe [VRZ94]. In the past, Coletti and Debever were
also able to grow Xe samples with extraordinarily strong FE luminescence (integral ratio of
IFE/ ISTE ~0.2 ... 0.1) [Zim87].

The self-trapping rate f ST of FE is determined by three fundamental processes [Ras81,
Ras82]:

(i) quantum mechanical tunnelling,
(ii) thermal assisted tunnelling,
(iii) thermal activation.

All such processes are depicted in Fig. 3.6. Only quantum mechanical tunnelling occurs at
absolute zero temperature. The possibility for processes (ii) and (iii) increases with rising
temperature. Most probably, the thermal activation (iii) dominates at 'high' temperatures.

The self-trapping rate of the pure quantum mechanical tunnelling is independent from .
the temperature and may be roughly estimated as

where D is the transparency of the barrier and w is the characteristic phonon frequency
[Ras82]. At sufficiently 'high' temperatures, the thermally activated self-trapping dominates
and it is proportional to

fST(T) <X exp (-~;ax) ,
where Hmax is the barrier height between FE and STE state and kB is Boltzmann's constant.
Most complicated temperature range is the one of thermal assisted tunnelling. Roick et ai.
[Roi84] fitted their experimental data with an analytical expression given by Rashba [Ras81]

1
fST(T) = fST(O) . (1 - T/fJt"

where fST (0) is the self-trapping rate for T~O (pure tunnelling), fJ corresponds to the char-
acteristic frequency of the phonon spectrum, and the coefficient a is connected with the
density of the vibrational modes in initial states. From the fit, Roick et al. obtained for solid
Kr qO)=1.3·109 1/s and a=6.2.

The simplest theory, which describes exciton-phonon interaction in RGS, is the contin-
uum theory [Fug78]. In this theory, the interaction of the exciton with the lattice is charac-
terized by a deformation potential. The continuum theory gives the barrier height between



Barrier heigth Comments and initial data Reference
Hmax (meV)

10 Continuum model, B = 0.45 eV, ELR=1.38 eV [Fug78]
4 Continuum model, B = 0.37 eV, ELR=1.38 eV present work
5 Green's function, B = 0.37 eV present work

40 Tunnelling [NT81], ro=1.3·1091/s, B=0.45 eV [Roi84]
14 Tunnelling, Eq. 3.22 and 3.22, r0=1.3·1091/s [Roi84]
30 Corresponds to the maximal self trapping rate [KS87]
15 Minimal barrier heigth [KS87]

4 B3

Hmax = 27 E2 .
LR

Here, B denotes the exciton band half-width and ELR is the lattice relaxation energy. On
the basis of the continuum model, Fugol et al. estimated the barrier height for Kr equal
to Hmax=10 meV (B = 0.45 eV, ELR=1.38 eV) [Fug78]. Applying a new exciton band
half-width from present work (B=0.37 eV, see page 88) together with ELR from [Fug78],
the continuum model estimate for the barrier height is 4 meV Unfortunately, the continuum
model is oversimplified, especially in the case of heavier RGS (Kr and Xe) [SeI81].

Hizhnyakov and Sherman developed another theory [HS76], based on the exciton in-
teraction with phonons at one lattice site in simple cubic crystals using the Green's function
method. This theory is particularly applicable for the heavier RGS as Xe and Kr [SeI81] and,
predicts the following barrier height,

Here, a is the lattice constant, VI is the longitudinal sound velocity, Ed is the deformation
potential and p is the crystal density. Using the initial values from [Fug78] together with
B = 0.37 eV from this work the equation 3.26 gives a barrier height of 5 meV

Kmiecik and Schreiber made a detailed theoretical analysis and described the potential
barrier between FE and STE state with the help of a potential surface, including distortion
of the crystal [KS87]. They found that the smallest possible barrier height in solid Kr is 15
meV, but the highest and more realistic self-trapping rate is obtained for a 'narrow' barrier
with a height of 30 meV
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Table 3.3 collects several estimations for the barrier height Hmax in solid krypton. It
demonstrates that the barrier height values have a large variation. Beside diverse theoretical
approaches, rather poorly known initial parameters are the main reasons for such a discrep- .
ancy as well.

The observed FE decay curves in solid Xe and Kr, excited in the excitonic region,
show a non-exponential behaviour [VRZ94, Var94]. Such a temporal behaviour of the FE
luminescence is described in a three-step model [VRZ94]. The model is sketched in Fig. 3.7.
In the first step, it is assumed that the exciton-polaritons reach thermal quasi-equilibrium in
the 'bottleneck' of the dispersion curve during the first 100 ps, which is an estimate for
upper time-limit of this process determined by the experimental time-resolution (1 in Fig.
3.7a). The second step is the transport of the bottleneck exciton-polaritons (2 in Fig. 3.7b).
The third step is due to the transmission of bottleneck exciton-polaritons into vacuum (3 in .
Fig. 3.7b).

3 .
~.
hv

Figure 3.7: a) Schematic dispersion curves and model of the population and the radiative de-
cay of exciton-polaritons in RGS. b) Schematic model for the transport of exciton-polaritons
to the sample/vacuum interface and transmission into the vacuum [VRZ94j. The following
notations are used: CPt: angle of total reflection, cp: angle of incidence, Lsc: scattering
length, Eex: energy of the FE.



Yarding et al. simulated the transport with Monte-Carlo method. At time zero, a bot-
tleneck exciton-polariton was created at a certain depth, x, below the surface (Fig. 3.7b).
The x-axis is perpendicular to the sample/vacuum interface. The particle starts moving with
group velocity, vg, into an arbitrary direction. As a rough estimate of the velocity, the av-
erage value vg=J3kBT /mex with an effective mass of exciton mex=me+mh (sum of the
effective masses of the electron and hole) was used. After a scattering length Lsc, the di-
rection was changed arbitrarily. Trapping and non-radiative losses were taken into account
in the following way: the probability for an exciton-polariton to exist after its motion along
a scattering length was taken as exp(-fLsc/vg). Here, f = fST + fnr is the sum of the
self-trapping rate f ST and a rate describing other non-radiative processes fnr. Concerning
reflection at the sample-vacuum interface, total reflection was taken into account. The fur-
ther motion of the reflected exciton-polaritons, including those which were totally reflected,
was included in the simulations. The whole calculation has been repeated about 106 to 107

times for a semi-infinite sample. The damping of the exciting light along the x-axis accord-
ing to the Beer's law was taken into account as a weight function for the individual events.
All exciton-polaritons decaying in this way at the crystal surface were registered including
their time-correlation to time zero. In this way, decay curves were constructed.

3.5 Creation of secondary excitons

All experiments in present work benefit from using selective photoexcitation. With
primary photoexcitation (photon energy hv), it is possible to create directly (i.e. in one
step) excitons (Eex :::; hv < Eg) as well as electron-hole pairs (hv > Eg). Also more
sophisticated possibility exists, when two excitations are generated in a one step process
[DKCn, Her69].

A photogenerated electron (photoelectron) in the conduction band has two different re-
laxation channels. The first possibility is to create secondary electronic excitations (excitons
or electron-hole pairs) via electron-electron scattering [LFK+96, VFM99]. Such a process
is only possible, if the electron has a sufficient amount of kinetic energy. In that case, one
photon finally creates two electronic excitations, but this happens in two steps as it will be
discussed later in more detail. Such kind of creation of secondary electronic excitations is
observable in excitation spectra as an increase of the quantum efficiency. In some semicon-
ductors (e.g. ZnS) the width of the valence band exceeds the band-gap and a 'hot' photohole
and electron both have energy enough to induce further ionization. But in RGS the width of
the valence band (in Kr 2.3 eV) is much smaller than the band gap energy (in Kr Eg=11.59
eV) and therefore, 'hot' holes cannot create any secondary electronic excitations.



The second possibility concerns energy losses via scattering on acoustic phonons (ther-
malization). After thermalization to the bottom of the conduction band, an electron can in-
teract with a hole resulting in FE formation through electron-hole recombination [RGK+99].
The probability for electron-electron scattering is significantly higher than for electron-
phonon scattering, because only acoustic phonons are present in RGS. Therefore, electron-
electron scattering takes place first. If the electrons do not have enough energy for the
creation of secondary electronic excitations, relaxation proceeds through electron-phonon
scattering.

In this thesis, an essential point is the creation of primary and secondary FE. Exciton
production with direct photoexcitation in the energy interval (Ee:x ~ hv < Eg) is classified
here as the primary FE creation, because all Wannier excitons relax to n=l FE state 'im- .
mediately' in the time scale of the SUPERLUMI set-up. Likewise, exciton formation via
the 'electronic polaron complex' mechanism (simultaneous creation of the exciton and an
electron-hole pair in a one step process) is treated as primary creation of FE. FE formation
via electron-hole recombination and via electron-electron scattering are classified as the sec-
ondary FE creation. In order to avoid misunderstanding, it is important to point out that in
some papers the formation of electronic polaron complex is classified as secondary creation .
of FE.

The observation of FE luminescence following creation of free electron-hole pairs in
solid krypton clearly shows that free excitons are formed in electron-hole recombination.
The same is observed for solid Xe as well [RGK+99]. For solid Kr, it is generally sup-
posed that holes self-trap within a few picoseconds. It means that recombination of mobile
electrons and self-trapped holes leads to the formation of delocalized FE. This is by far non-
trivial because in the past it was assumed that trapped holes capture electrons forming STE. .
The latter mechanism is not ruled out by results of this work, but it is at least not only the
recombination process. Whether the STE observed, following creation of free electron-hole
pairs, originate exclusively from self-trapping of free excitons or also from the capture of
electrons by self-trapped holes will be discussed in section 4.7.

The FE formation via electron-hole recombination is sketched in Fig. 3.8. The electron
and hole created in photoexcitation (1) lose energy via scattering on acoustic phonons and.
relax (2) to the bottom of the conduction band or to the top of the valence band, respectively.
Thereafter, formation of the FE occurs (3).
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Figure 3.8: A simplified model of FE creation via electron-hole recombination. A solid
arrow (1) indicates a photoexcitation producing the primary electron-hole pair. Dashed
arrows (2) depict relaxation of the electron and the hole. A short solid arrow (3) shows
recombination of a relaxed electron-hole pair into the free exciton (FE) state. The band gap
energy (Eg) and the FE energy (Eex) are also shown.

It is important to note, that the experimental decay curves of the FE, excited above the
band gap energy, exhibit a 'prompt' (in time-scale of SUPERLUMI set-up) and a 'slow'
component (see section 4.5.1). The model presented in this section describes the 'slow'
component of measured FE decay curves. The origin ofthe 'prompt' component is not fully
understood and will be discussed afterwards (section 4.5.1).

The description of the model requires a discussion of the initial conditions (kinetic
energies and spatial density of the photo carriers immediately following the excitation pulse).
The energy parameter, used in the calculations, is the excess energy Eexcess. This is that part
of the photon energy hv exceeding the band gap energy Eg:

According to energy and momentum conservation laws, at a given excess energy the
electron and hole (effective masses me and mh) gain an initial kinetic energy Ee and Eh
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Using such an approximation in the case of RGS is rather restricted. The maximum hole
energy is principally limited by the relatively narrow valence band. The total width of the
valence bands (including both thej=3/2 andj=1/2 sub-bands) is about 2.3 eV in solid Kr
[SHS+75]. Even stronger limitations are caused by the anisotropy of the hole mass, since the
effective-mass tensor of the holes is strongly anisotropic [Rat96, KM73]. For example, the
calculation by Bacalis et al. [BPP88] shows that the upper valence band in the r-L direction
of the Brillouin zone has nearly no dispersion. This would give rise to a larger initial energy
for the electrons than calculated from Eq. 3.28. Additionally, electron and hole effective
masses are not exactly known. Therefore, the initial energy distribution between holes and
electrons calculated from Eq. 3.28 is only a rough estimate.

The crucial point in this model is the created carrier density after photoabsorption. It
can be estimated from the absorption coefficient a (penetration depth of the light is rv l/a)
at the respective photon energy of excitation, from the photon flux, and from the size of
the illuminated area of the exciting radiation on the sample. In spite of several absorption
measurements for solid Kr [Bal62, HHM78, SW7l], the values of the absorption coeffi-
cient a are not exactly known. Notwithstanding of simple principles, absolute absorption
measurements are complicated due to surface effects, perturbing luminescence signal, not
exactly known sample thickness and reflection coefficient etc. In the present work, Bal-
dini's absorption data were used, measured through roughly 100 A thick Kr layer [Ba162].
Baldini estimated a rv3.5-l06 l/cm for the excitation at the maximum of the n=l exciton
reflection peak and a rv1.25.106 l/cm at 12.0 eV [Bal62]. A similar value for the absorption
coefficient of the n=l exciton maximum is presented also by Scharber and Webber [SW7l].
Despite the good agreement between two values for the n=1 exciton, the situation above
the band gap is not so clear, since only Baldini's results are available in this region. The
absolute value of reflectivity is uncertain as well. Several works about solid Kr reflectivity
exist, but only little information about the absolute reflection coefficient is available. Schar-
ber and Webber [SW7l] as well as Steinberger et al. [SMW77] estimated the reflection
coefficient at the maximum of n=l exciton to be rv50 %. In the region above the band gap
(Eg=11.59 eV) and below 12.5 eV, both groups agreed that the reflection coefficient is be-
tween 5 and 10 %. Since calculations in this work deal with the absorption above the band
gap, reflection losses induce no significant error. Another experimental parameter, namely
the width of the strongly asymmetric focal area (length ~ 4 mm, width ~ 0.2 to 0.4 mm) is .
not easily measurable. Also, data on the photon flux are based on old measurements from



1991 [Zim91]. The precise spectral distribution of the latter quantity depends on the used
diffraction grating, which is replaced every few years. Taking into account all uncertainties,
the created carrier density is estimated to be in the order of rv1018 11m3 (DORIS current
rv100 mA, multi bunch mode, primary monochromator resolution rv2.5 A). It is important
to note that creation of 'hot' carriers takes place during synchrotron radiation pulses with
duration of 130 ps (FWHM).

As was shown by experiments of'hot' electron relaxation in semiconductors [SRLB92],
on a short time scale (far below the time resolution of the present experiment) a redistribu-
tion of carriers, which is attributed to carrier-carrier interaction results in quasi-equilibrium
electron and hole temperatures (Te and Tit). For semiconductors, the time required to estab-
lish Maxwellian-like velocity distribution is estimated to be in the sub-picosecond regime
[BKM+96]. The carrier density No, established during redistribution, is treated in the
present model as an adjustable parameter.

Starting from this point, the energy relaxation of charge carriers is mainly due to scat-
tering on longitudinal acoustic phonons, described by the deformation potential theory. In
the deformation potential framework, electron scattering is possible only with longitudinal
phonons [Con67, Zim62]. The electron mean free path (l/ree), determined by scattering on
acoustic longitudinal phonons, equals

Here, Ed is the deformation potential, p is the crystal density, kB is the Boltzmann's constant,
TL is the lattice temperature (i.e. crystal temperature), VI is the longitudinal sound velocity,
h is the Planck's constant and ti=h/27r. The average energy loss rate per electron (hole) in a
Maxwellian distribution of temperature Te (Th) is given originally by Shockley [Con67]:

(
dEe,h (t) ) = _8V2E~m;:;(k T. )3/2 (Te,h - TL) .

dt 3/2ti4 B e,h T.
ae 7r P e,h

The most important feature of the relaxation arises from the m5/2 term. With
me=0.42·mo (mo is the free electron mass) and mh=3.6·mo, it turns out that holes lose their
kinetic energy at least two orders of magnitude faster than electrons. Therefore, in the fol-
lowing it will be assumed that Th=TL. The temperature dependence of density is published
for solid Kr in [KV77] and its value is PT=5K=3092.6 kg/m3. Accurate data are available
also for the longitudinal sound velocity being equal to vI,T=5K=1370 m/s [BTB72].

Values for the deformation potential as well as for the electron effective mass are not
exactly known. There are only several estimations available. Nevertheless, both parameters
can be eliminated using a relation between Ed and me. Namely, it is possible to use the
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phonon-limited low-field electron mobility J-Lodata. An equation for the low-field electron
mobility is

2 vf:2-ITen4pv?
J-Lo= "3 EJm~/2(kBTL)JkTe'

where TL is the lattice temperature and Te is the electron temperature [Con67, Zim62], e is
the elementary charge, and VI is the longitudinal velocity of sound. Another similar formula
is also widely used with slightly different numerical coefficient, but coefficient 2vf:2-IT /3
derived by Conwell is expected to be more 'precise' [FJ9l]. In the case oflow-field mobility
experiments TL ::::::Te [MHS68].

Low-field mobility data for RGS were published by Miller et al. [MHS68]. In the
case of solid Ar they measured the mobility at different temperatures and demonstrated
experimentally that a T-3/2 dependency exists. This shows clearly that thermalization is
determined by scattering on acoustic phonons. They measured the mobility for solid Kr at
T=113 K as well, i.e. slightly below the triplet point, and reported a value of 0.37 m2Ns.

For RGS, low-field mobility data to determine Ed and me were used for the first time.
by Druger [Dru7l]. He used the mobility data by Miller et al. [MHS68]. More accu-
rate values for density of solid Kr and longitudinal sound velocity (PT=113K=2797 kg/m3

[KV77], vl,T=113K=1093 m/s [BTB72]) were published after Druger's work and therefore,
an improved value is obtained for EJm~/2:

E2 5/2 _ 2vf:2-ITen4 PT=113KvtT=113K
dme - 3/2 3/2

3kB J-Lo,T=113KTT=113K

For solid krypton, the numerical value for this experimental coefficient Cexp, which will be
used in further simulations, is:

For solid Ar, besides the results of Miller et al. [MHS68], two additional measurements·
are available, giving 1.7 and 3 times larger values for J-Lo[Asc89]. The reason for these
differences is assumed to be a better sample quality compared to Miller et al. [Asc89].
Therefore, it is not excluded that the value of the experimental coefficient Cexp= E~m~/2 in
solid krypton is significantly overestimated.

The estimations for Ed, known from literature, are found also on the basis of mobility
data using different electron masses, sound velocities and crystal densities. For example, .
Ratner estimates Ed= 1.01 eV using electron effective mass me=O. 71mo [Rat96] and Druger
Ed=1.2 eV (me=0.62mo) [Dru71]. The author of the present work obtained a value Ed=1.4
eV from Cexp=O.238 eV2mo5/2 using me=0.42 mo.



Exciton formation from electrons and holes is treated with a simple set of Boltzmann
kinetic equations. This is possible because the parameters involved have a clear physical
sense, and because the processes can be described in the effective temperature approxima-
tion, including all temperature effects in the cross-section and in the relative velocity:

Here, ne, nh and nex are the electron, hole, and exciton densities, respectively. CJ(Te) is
the recombination cross-section, G(t) is the generation rate for electrons and holes and T rad

is the decay time for FE luminescence excited in the excitonic region. Eq. 3.35 does not
contain a non-radiative loss term for holes, since independently whether the holes are free or
trapped, their recombination with mobile electrons takes place. Since FE decay curves have
a non-exponential nature, an experimental FE decay curve, measured in the excitonic region
slightly below the band-gap, is used instead of T rad in calculations. The non-radiative losses
of electrons are characterized with T nr, what includes, e.g., electron trapping. The existence
of electron trapping is clearly shown by thermoluminescence measurements [KKK+97].
However, nature of electron traps is not exactly known. The average relative velocity be-
tween electrons and holes (Vrel) is described by

V,,1 ~ J8kBT',
. 1rJ.L

where J.L is the reduced mass of the exciton [APY80]. The time-dependence of the electron
temperature Te is calculated from Eq. 3.30 via

( dTe(t)) = -A IT:(T. - T )dt Y1e e L,
ac

A = 16J2EJm~/2 jk;
31r3/2ti4p
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An analytical mathematical solution for the electron temperature TeCt) (see details in Ap-
pendix A.) is

2

(
Ff' 1 (~- Pi-))1 + exp -AtyTL + ~ In ~ + Pi-

(
Ff' 1 (~-Pi-))1 - exp -AtyTL + ~ In ~ + Pi-

The calculation ofthe cross-section (j for electron-hole recombination is based on the theory
of Abakumov et al. [APY80], in which the exciton formation is treated as a continuation
of energy relaxation of charge carriers into the negative excess energy region, i.e. into
bound states. Abakumov et al. assumed thermal equilibrium between holes and electrons
(Te = Th) and the original cross-section (Eq.13 in [APY80D is given by

where Eo is the dielectric constant and Er= 1.88 is the dielectric permittivity of solid Kr.

In the present case, electrons and holes are obviously not in equilibrium. In Abaku-
mov's approach, the particle temperatures enter the final result only via the distribution .
functions and particle velocities. The parameter describing the magnitude of energy loss via
scattering on longitudinal acoustic (LA) phonons (energy loss rate per propagation length)
does not depend on the particle energy. Consequently, Eq. (11) from the paper by Abaku-
mov et al. [APY80] describing the distribution of the electron-hole pairs can be modified
by replacing T3 by T:/2Ti/2 [RGK+99]. Then it follows:

To avoid misunderstandings, it is important to point out that this equation is presented in a
slightly different form in the original paper [RGK+99]

16V2e6 E~ m~ 1------
3J31fh4sPE8E~ -..;m;;. JkBTL (kBTe)2 '
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Figure 3.9: Time-evolution of the electron temperature Te and cross-section for electron-
hole recombination using Abakumov's approach (Fe = T,J [APY80j, modified Abakumov's
approach (Fe =I- Th = TL) [RGK+99j and the cross-section for capture oj electrons at
positively charged centers [AY76]. The temperature is given in K and the cross-sections are
given in m2.

There are other theoretical approaches available in the literature. For solid Kr, it is
generally supposed that the holes self-trap during a few picoseconds. Then the recombina-
tion of a self-trapped hole (STH) and an electron can be treated as that of an electron with
a positively charged center. Abakumov and Yassievich [AY76] developed for this type of
recombination in semiconductors the following equatioIlp

a(T) _ 64 (e2 Z)3 m~E~ 1
e [AY76] - 24 pc5c~n4 (k

B
Te)3'

where eZ is the charge of the recombination centre (in the present case Z=l).

The presented recombination cross-sections include Ed and me' Again it is reasonable
to use known physical relations and to replace E~m~/2 with the experimentally obtained
coefficient (see Eq. 3.33). Thereafter, the only uncertain parameter in the cross-sections is
vm; .mh . (mh + me)-1.5 ~ Jme/mh (Eq. 3.42 and 3.43) or.;m; (Eq. 3.45). However,
such dependencies are relatively weak due to the square root.

Fig. 3.9 shows the time-evolution of the electron-temperature and of the three different
cross-sections (i.e. for each theoretical approach). The numerical values of the used pa-
rameters are: Eexcess=788 meV, No=2·1015 11m3, TL =5.5 K, E~m~/2=4.83.1O-114 J2kg5/2,
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p=3092.6 kg/m3, fnr=5· 107 lis (Tnr=20ns), vl=1370 mls. As Fig. 3.9 demonstrates, all
cross-sections have a similar general behaviour, nevertheless, the absolute values are quite
different.
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Figure 3.10: Influence of the different cross-sections (i.e. various theoretical approaches)
on the calculated FE decay curves: Abakumov's approach (Fe = TtJ [APY80j, modified
Abakumov's approach (Fe =1= Th = TL) [RGK+99j and the cross-section for capture of
electrons at positively charged centers [AY76]. All curves are normalized at their maxima.

Fig. 3.10 shows how the different cross-sections influence the shape of the decay curve.
All parameters are fixed and only different cross-section formulas are used. The following
parameters were used: Eexcess = 788 meV, No=4·1014 11m3, TL =5.5 K, P =3092.6 kg/m3,

EJm~/2 =4.83.10-114 J2kg5/2, f nr = 1 . 108 (T nr = 10 ns), Vl =1370 mls. The behaviour .
of the shape of decay curves is in accordance with the cross-section values, demonstrated in
Fig. 3.9. The decrease of the cross-section in the sequence 0"[RGK+99j -+ 0"[APY80j -+ 0"[AY76j

causes the shift of the maximum of the decay curve to longer times. As shown in Fig. 3.10,
the remarkable intensity increase of the decay curve seems to start with a delay of 0.5 ... 1ns.
Of course, recombination starts at t=O, however, with an extremely small cross-section. The
finite value of the intensity in Fig. 3.10 at t=O is an artefact because an experimental decay
curve used in the calculations. This experimental curve has a background signal (detector
noise) which was not completely removed.

In this section, in most cases, an initial carrier density No ",4.1014 11m3was used. This



is much smaller than the density of created electron-hole pairs, estimated on the basis of
absorption coefficient and photon flux ('"'-'1018 11m3). The reasons for that will be discussed
in chapter 4.9.

The model of FE creation through electron-hole recombination includes several phys-
ical quantities. Numerical data about the density and the longitudinal sound velocity of
solid Kr at different temperatures are known with high precision [KV77, BTB72]. The lat-
tice temperature was measured. Therefore, in this section, these parameters are treated as
'known' parameters. The other parameters (No, Cexp, rnr, me, mh) are not known with suf-
ficient precision. This section demonstrates how the shape of the FE decay curve changes if
these parameters are varied. The results are presented in Fig. 3.11 and used parameters in
table 4.7. All curves are normalized at their maxima in order to give better overview. Not all
the values collected in table 4.7 are close to the fitting results of the experimental data (see
chapter 4.9). Nevertheless, Fig. 3.11 gives qualitatively correct perception, how the shape
of the decay curve behaves after changing some parameters.

In Fig. 3.11 (a), the FE decay curve is shown as a function of different initial car-
rier densities No. The densities are (from right to left): 4.1013 m-3 (solid black), 4.1014

m-3(solid grey), 4.1015 m-3 (dashed black), 4.1016 m-3 (solid black), 4.1017 m-3 (solid
gray). As the figure demonstrates, 'larger' initial carrier density causes faster decay and
narrowing of the shape of the curve. As mentioned before, the electron-hole recombination
model includes also a convolution procedure using the experimental FE luminescence decay
curve, excited in the excitonic region. At 'very high' densities the shape of the simulated
curve is determined by this experimental FE decay curve and does not change any more with
an additional increase of the initial carrier density. This happens, because relaxation of the
electrons and the FE creation at 'very high' initial carrier densities are much faster than the
FE decay itself. The peculiarities on the level of the back-ground intensity in the region 10
... 30 ns are computing artefacts, caused by the detector noise in the experimental FE decay
curve used. The decrease of the initial carrier density shifts the maximum of the decay curve
to longer times and causes its broadening. Increase of the initial carrier density leads to an
increase of the total intensity of the FE emission as well. Such effects are not visible in Fig.
3.11, but are demonstrated separately in Fig. 3.12 (a). Our recent experiments with varied
excitation intensity (undulator source) demonstrated analogous behaviour as predicted by
the model described above [Vie02].

Fig. 3.11 (b) shows, how the non-radiative losses influence the FE decay curves. The
non-radiative losses can be characterized either with a decay rate rnr or with a lifetime
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Effective electron mass me mo 0.42

Effective hole mass mh mo 3.6
Initial carrier density No 1/m3 4.1014

E2 5/2 Cexp J2kg5/2 4.83.10-114
dme

Excess energy Eexc meV 788
Longitudinal sound velocity VI m/s 1370
C:rystal temperatur TL K 5.5
Non-radiative losses fnr 1/s 1.50108

Non-radiative losses Tnr ns 6.7
Density of solid Kr (at 5K) p kg/m3 3092.6

I Symbol I Unit I Value

Table 3.4: Numerical values of the quantities used in simulations of the decay curves shown -
in Fig. 3.11 and 3.12.

T nr= 1/f nr- The values used in the calculations are (from right to left): f nr=5·1 07 1/s or
T nr=20 ns (solid black), f nr=I·108 1/s or T nr=10 ns (solid grey), f nr=2·108 1/s or T nr=5
ns (dashed black), f nr=3·108 1/s or T nr=3.33 ns (solid grey), f nr=5·108 1/s or T nr=2 ns
(solid black). The higher non-radiative losses shift the decay to shorter times. In the case
of extremely high non-radiative losses, the shape of FE decay again coincides with the
experimental curve used for the convolution. Smaller non-radiative losses cause a shift of
the maximum of the decay curve to longer times and an increase of the width of the decay
curve. An increase off nr induces as well a decrease of the total intensity (see Fig. 3.12).

The changes arising from a variation of the experimentally determined coefficient _
Cexp = EJm~/2 (see Eq. 3.33), are shown in Fig. 3.11 (c). The used values are (from
right to left): O.5oCexp (solid black), 0.8·Cexp (solid grey), I·Cexp (dashed black), 1.2·Cexp
(solid grey), 1.5·Cexp (solid black). A small change of this value causes remarkable changes
in the shape of FE decay curve. It is natural, since this coefficient is included in the elec-
tron temperature (Eq. 3.30) as well as in the equations of the cross-sections (Eq. 3.42,
3.43,3.45). Moreover, the cross-section includes once again the electron temperature, thus _
amplifying the influence of Cexp = EJm~/2.

Fig. 3.11 (d) depicts the dependency of the decay curve on the value of the effec-
tive electron mass me' The following effective masses were used in the simulations (from
right to left): me=2.1·mo (solid black), me=0.84·mo (solid grey), me=0.084·mo (dashed
black). In principle, the presented model is very sensitive to the electron effective mass,
but since the experimentally determined coefficient Cexp = EJm~/2 contains already m~/2, -
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Figure 3.11: Influence of the variation of the different parameters on the calculated shape
of the FE decay curve: (a) initial carrier density No, (b) non-radiative losses rnr, (c)
experimental coefficient Cexp=E'jm~/2, (d) effective electron mass me, (e) effective hole mass
mh, (f) excess energy Eexcess.All curves are normalized at their maxima.



the remaining influence of the electron mass is rather weak (Cexp is not varied). Cross-
sections er(Te) [RGK+99] and er(Te)[APY80] include (beside E~m~/2) a dependency of the form
,,;m:; . mh . (mh + me)-1.5 ~ Vme/mh and er(Te)[AY76] is a function of vm;. Moreover,
the relative velocity (Eq. 3.37) contains a term V1/ j.1,. It means that a dependency either of .
the form v:;nh/(mh + me) (for er(Te) [RGK+99] and er(Te)[APY80j) or v(me + mh)/mh (for
er(Te)[AY76j) is present in the kinetic equations (3.34, 3.35 and 3.36). Since me is signifi-
cantly smaller than mh, its influence is much weaker than the influence of mho

Fig. 3.11 (e) demonstrates the shape of the FE decay curve in the case of different
effective hole masses mh (Cexp was kept fixed again). An increase ofmh causes a broadening
of the decay curve. The used mh values are: mh=7.2·mo (solid black), me=3.6·mo (solid.
grey),mh=1.8·mo (dashed black).

In Fig. 3.11 (t), the shape of the FE curve is shown as a function of the excess energy
Eexcess. The used excess energies are (from right to left): 788 meV (solid gray), 87 meV
(dashed black), 30 meV (solid grey), 15 meV (solid black). In the case of the simulations of
experimental data, the change of the excess energy Eexcess influences also the initial carrier
densities. This happens, because the initial charge carrier density depends on the excitation.
intensity, on the absorption coefficient and both of them depend on the excess energy. The
curves shown in Fig.3.11 (t), are calculated with fixed No.

Figure 3.12: Irifluence of the variation of the different parameters on the intensity of calcu-

lated FE decay curve: (a) initial carrier density No, (b) non-radiative losses rnr. Intensities
are not normalized.

Fig. 3.12 shows, how the total intensity and the shape of the FE decay curve changes
if initial carrier density and non-radiative losses are varied. Decay curves in Fig. 3.12 are
not normalized and therefore intensity effects, discussed before, are directly visible. Varied
values of parameters are shown in the figure and the fixed parameters are given in table 4.7.



This chapter revealed that the parameters No, Cexp = E~m~/2 and rnr most strongly
affect the simulations. Therefore, only the influence of these parameters will considered
while fitting the experimental data (see section 4.9). All other parameters were fixed during
fitting of the experimental data. The effective electron and hole mass are not exactly known,
but as it was shown in this chapter, limited knowledge about me and mh does not influence
significantly the shape of the decay curve.

3.6 Single-parabolic-branch band (SPBB) model of elec-
tron-electron scattering

Multiplication of electronic excitations (MEE) is a process where a primary electronic
excitation (photoelectron and/or photohole) creates a secondary electronic excitation after
an inelastic scattering event. This phenomenon has been observed as the creation of sec-
ondary electron-hole pairs in semiconductors by photoelectric methods [Sh061]. The lumi-
nescent analogue of this effect has been discovered in wide band-gap alkali halides where
the doubling of the quantum yield of recombination and also excitonic luminescence has
been observed at photon energies exceeding a certain threshold value [ILL65].

The distributions of photoelectrons and holes are determined by the band structure of
the crystal and the probability of the optical interband transitions. General features of the
MEE process can be derived by considering the simplified case [LFK+96] of a crystal with
parabolic valence and conduction bands, the extremes of which are located at the r point
(k=O) ofthe Brillouin zone. This model of secondary electron-hole pair and exciton creation
is depicted in Fig. 3.13. Taking into account direct interband transitions, an electron has the
same momentum k = k' in the initial and in the final state, because the momentum of the
photon in the experimental energy range of the present work is negligible. As a result of
interband transition, the energy of an absorbed photon exceeding the band gap, (hv - Eg),

is divided between a photoelectron and a photohole in accordance with the ratio mh/me'
If the interaction of the hot photoelectron with phonons is not taken into account (it

means that the process has to satisfy both the momentum and the energy conservation laws),
then the threshold energy of the photon for the secondary electron-hole pair creation is given

e-h (me)hv th = Eg + Eg• 1 + 2 mh

and the threshold for secondary exciton creation

hV~h= Eg + Eex • (1 + 2::) .
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Figure 3.13: A simplified model of the formation of secondary electron-hole pair via
electron-electron scattering without participation of phonons. A dashed arrow shows the .
photoexcitation. The solid arrows depict electron-electron scattering.

A simplified model of the formation of secondary electron-hole pairs without participation
ofphonons is shown in Fig. 3.13.

If the interaction of the hot photoelectron with phonons is taken into account (i. e. the
threshold energy must satisfy only energy conservation but not any more momentum con-
servation, since phonons take over momentum), the threshold energy for the photon for
secondary electron-hole creation is

In the literature (for example [VFM99]), the threshold kinetic energy of the electron for
secondary excitation creation (Eth,e) is often used. The zero-value of the kinetic energy of .
the electron is the bottom of the conduction band. Of course, the threshold kinetic energy of
the electron is significantly smaller than the respective photon energy. The relation between



hVth = Eg + Eth,e . (1+ ::) .

The threshold kinetic energy of the electron (without participation of phonons) for the sec-

ondary electron-hole pair creation (analog to the Eq. 3.46) is given by

Ee-h E me
the == Eg + 9· ----,

, me +mh

Including participation of phonons, the threshold kinetic energy of the electron-hole

pair creation (analog to the Eq. 3.48) is given by

Ee-h Eth,e g,

Such small values are only possible because phonons take over the electron momentum.

The creation rates of secondary electron-hole pairs, We-h(Ekin), and of secondary

excitons, Wex(Ekin), depend on the kinetic energy of the electron in the following way

[VFM99]:

3.7 Multiple-parabolic-branch band (MPBB) model of elec-
tron-electron scattering

The 'classical' single-parabolic-branch band (SPBB) model describes transitions only

within one parabolic band, while the multiple-parabolic-branch band (MPPB) model takes
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o
Electron momentum

Figure 3.14: Schematical presentation oj the electron-electron scattering process in the
multiple-parabolic-branch band model (the MPBB model, on the left) and in the single-
parabolic-branch band model (the SPBB model, on the right). B marks a border oJthefirst
Brillouin zone.

into account transitions between the different branches. Both models are schematically pre-
sented in Fig. 3.14. It turns out that the threshold energy for MEE is significantly lower in
the case of MPBB than that of given by the SPBB model. Vasi1'ev et al. recently presented
analytic expressions for the threshold energies and the production rates of electron-hole pairs
and excitons by electron impact in wide-gap insulators [VFM99]. Here, a short overview of
the results by Vasil' ev et al. is given.

Vasil' ev et al. described the conductioh band at energies about 10 eV above its bottom
in first approximation as a set of free-electron parabolic bands with the effective mass (me)
equal to the free electron mass (ma). These bands are shifted in wave-vector space by
vectors G which are a superposition of the primitive reciproca11attice vectors bi with integer
coefficients:

where the energy origin is at the bottom of the conduction band, 000 means extended Bril-
louin zone and Os the first Brillouin zone. For the holes in the valence band, the usual·



effective mass approximation was used.
In the MPBB model, the initial electron can be scattered not only within the same

branch as in the SPBB model, but also from branch 0 to branch 01 =1=0, which is equivalent
to an umklapp process. For electron energies less than fj,2(kBmin)2 /2me, where kBmin is the
nearest distance between the r point and the boundary of the Brillouin zone, there is only
one branch with 0 = O. In the case of an fcc lattice, the smallest wave vector value is
kBmin = 21f/a (distance between r point and X).

Vasil'ev et al. applied the polarization approximation, which allows to regard the scat-
tering process as (i) emission of a virtual photon and (ii) following absorption of this photon
in the medium. The absorption of such virtual photons is described using the imaginary part
of the dielectric function [VFM99]. This approximation is necessary for the calculation of
production rates. Threshold energies are calculated from energy and momentum conserva-
tion laws.

The threshold for Q=O (this corresponds to the threshold of the SPBB model, see Eq.
3.51 andEq. 3.52) is

where Ed=Eex (for a secondary exciton creation) or Ed=Eg (for a secondary e-h pair cre-
ation), and A = me/(me + mh). Q=IQI=101-01 is the shift between the parabolic branches
in reciprocal space. The free electron mass mo was used for electron effective mass me by
Vasil' ev et al.

Differently from the SPBB model, the theory predicts two threshold values in the case
of MPBB model (due to the transitions to the other branch of the band): the upper threshold
is always larger than E~h'while the lower threshold can be significantly lower than E~h.The
thresholds are given by

where EQ = fj,2Q2/2me.

For solid Kr, the lower thresholds (E;;J for different Q, calculated by Eq. 3.60 for FE
and electron-hole productions are plotted in Fig. 3.15. The following parameters were used:
lattice constant a=0.564601 nm, Eex=10.13 eV, Eg=11.61 eV, me = mo and mh = 3.8· mo.

The numbers in Fig. 3.15 and table 3.5 indicate the transitions taking place in different
directions of wave-vector space. The calculated thresholds and other relevant parameters are
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Figure 3.15: The lower thresholds (EUJ for the electron kinetic energy in the case of impact
production of a FE and an electron-hole pair as afunction ofQfor solid Kr. The solid lines
show the mathematical solution for continous Q, the points show 'real' physically possible
values for the discrete values of Q. Points marked with 1correspond to the threshold values .
of the SPBB model.

collected in table 3.5. The lowest kinetic energy for the exciton production is Efh =10.19
eV in this approximation (Fig. 3.15, marked with 2).

The lowest threshold Elli,Q = Ed can be achieved, if nQ = y!2meEd. It would mean
that Ed and 6.E (see Fig. 3.14) coincide. This would be an accidental coincidence because·
Q has only discrete values. Therefore, the minimal threshold value (point 2 in Fig. 3.15 and
table 3.5) is slightly higher than Ed.

Vasil'ev's theory permits to estimate the production rates of secondary excitations. For·
Q =I- 0, two thresholds (Elli and EiiJ are well separated, and only Eth should be taken into
account. In the case Q =I- 0, the value of the production rate WQ (E) is given by



Q 0 2rrV3/a 4rr/a 4rrV2/a 2rrJil/a
Q (nm-1) 0 19.28 22.26 31.48 36.91
direction - f-L f-X f-K f-[3,1,1]

nQ 1 8 6 12 24

E~h(eV) 12.24 10.19 10.35 11.45 12.47

E:;:h(eV) 14.03 11.63 11.76 12.76 13.73

Table 3.5: Parameters used in the MPBB modelJor solid Kr and the associated lower thresh-
old energies Jor five different branches.

where E is the initial kinetic energy of the electron. The parameters 0: and j3 are given in
table 3.6, and e = 0 below E;h,Q and e = 1 above Eth,Q' The value of the coefficient TO is
given by

1 (e2
) 2 me 16 /- = - - = 4.14·10 1 s.

TO 4rrE:0 li3

The formula for the impact production rate of secondary excitations for Q
equivalent with the SPBB model) is
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Figure 3.16: The ratesJor impact production oJFE and electron-hole pairs in solid krypton.
Thin lines are the partial rates with the numbers indicating different branches. Total rates
are depicted with thick lines.
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Ul, (E) = f30 (Eg - Eex)2-o.
o (E _ EO )0.0

o TO Icl2 EgE th,

where Efh is defined by Eg. 3.59 and the parameters 0:0 and f30 are given in table 3.6.
The experimental results can be compared with the total production rate, given by

We(E) = LWQ(E) = L nQVVlQI(E),
Q IQI

where nQ is the number of nodes with the same IQI in reciprocal space (given in table 3.5).

The FE and electron-hole impact production rates at different IQI, as well as total rates, are
plotted in Fig. 3.16. The rates, denoted by 1, correspond to the production rates of the SPBB
model.

All calculations were made in the terms of electron kinetic energy and therefore are not
directly comparable with photo excitation experimental data. In the case of photoexcitation
the situation is rather complicated due to the influence of the valence band. Therefore, the .
thresholds for photo excitation are shifted to the higher energy side (see Eg. 3.50) and the
rates are softer (it means values of 0: in Tab. 3.6 are smaller) [VasOO].

The SPBB model works well in the case of small wave vectors, e.g. for semiconductors.
The wave vector of the electron, capable to create MEE in semiconductors, is significantly
smaller than the distance between the r point and the boundary of the first Brillouin zone.
If the initial kinetic energy of the electron is larger than /i2(kB,min )2/2me, where kB,min is .
the nearest distance between the r point and the boundary of the Brillouin zone, it is nec-
essary to use the MPBB model, which includes also transitions between different branches.
Nevertheless, in the case of wide-band dielectrics as solid Kr, the situation is even more
complicated. It is well-known that at the boundary of the Brillouin zone parabolic bands
are strongly deformed due to the periodic potential [Kit86]. It means that the SPBB and the
MPBB model are applicable only as first approximations. For more accurate results, it is .
necessary to include the 'real' conduction band structure.

0: f3 0:0 f30

n=1 exciton 1.5 16(1 - A)3/2
0.5 32(1 - A)3/2

3A

electron-hole pair 2.5
16(1 - A)3/2 1.5 32(1 - A)3/2

15A(1 + A) 3(1 + A)



3.8 Electronic polaron complex

Besides direct photoexcitation and electron-electron scattering, one more possibility to
create 'prompt' secondary excitons exists. This is a simultaneous creation of an exciton and
an electron-hole pair (or two excitons) in an one step process. Such a concept was developed
by Hermanson [Her69] and Devreese et al. [DKC72]. Hermanson discussed the possibility
of the simultaneous production of two excitons by a single photon [Her69]. Devreese et al.

analyzed the creation of the electronic polaron complex [DKC72]. In a simplified picture,
this complex consists of an electron-hole pair created across the band gap and an exciton
interacting with the electron-hole pair.

The interaction of a conduction band electron with the electronic polarization field of
the crystal has been treated in various ways. An approach, developed by Toyozawa, replaces
the many electron field of valence charges by a single dispersionless boson field consisting
of excitons. As a result, a new quasiparticle was predicted - an electronic polaron - an
electron surrounded with a cloud of virtual excitons [Her69]. The electronic polaron can be
characterized with the electron-exciton coupling constant a and the semiclassical 'radius' of
the electronic polaron Rpol. The formulas for a and Rpol have the form

1 ( 1) e
2 1a=-- 1-- ----and

81rco Coo Rpol Eex

Here, me is an effective electron mass in the conduction band, Eex is the exciton energy, e is
elementary charge, co is the dielectric constant, Coo is the high-frequency dielectric constant
of the medium, h is Planck's constant and Ii = h/21r. Numerical values for a and Rr>ol are
shown in table 3.7.

On the basis of electronic polaron theory, Hermanson's calculations [Her69] provide
the ratio of transition probabilities for two and one exciton production by one photon

j(2) 4aRpol

j(1) = a a.

H~re, j(2) and j(1) are the probabilities for two- and one-exciton creation, a is the lattice
constant, a is the electronic factor. The electronic factor depends mainly on the exciton
radius and the average 'radius' 21r / a of the Brillouin zone. Its value is presented by a
complicated formula [Her69]. The quantitative values on the basis Eq. 3.67 are collected for
solid Ne, Ar [GmiOO],Xe [Ste99] and Kr in table 3.7. As table 3.7 shows, the probability for



Eex (eV) !lpol (A)
jl2) 0

Referenceex f(1) (Yo)

Ne 17.36 0.16 0.51 [GmiOO]
Ar 12.06 0.29 0.81 3.2 [GmiOO]
Kr 10.13 0.35 0.95 4.9 present work
Xe 8.36 0.41 1.1 10.2 [Ste99]

Table 3.7: The n= 1 exciton energy, the electron-exciton coupling constant ex, the semiclas-
sical 'radius' of the electronic polaron !lpol and the ratio of transition probabilities for the
two and one exciton production by one photon in RGS.

the simultaneous production of two excitons by one photon is surprisingly high. However,
it is important to note that Hermanson's approach overestimate the production rate of the
double excitation [Her69].

Differently from the electronic polaron (i.e., an electron dressed by a cloud of virtual
excitons), an electronic polaron complex consists of an electron-hole pair plus an exciton.
interacting with each other. The electronic polaron complex is either 'free' or 'bound' to the
hole in the valence band. For the 'free' electronic polaron complex with relatively small ex
(ex < 1), a threshold for optical excitation was predicted to be

h free E E
l/th = 9 + ex'

The probability for the creation of the 'free' electronic polaron complex has a maximum at .
certain energy and thereafter it slowly decreases. The location ofthe maximum for the 'free'
electronic polaron complex depends on the experimental technique in use and it is expected
at

hl/(;;:': = Eg + 1.20· Eex in absorption and

E!::: = Eg + 1.25 . Eex in energy loss spectroscopy.

t:l/bound - 2 . E
1£ th -- ex'





Chapter 4

Experimental results and discussion

The experimental results of this work are presented in 'historical' sequence as RGS
have been studied in the past. First of all, some new aspects of luminescence spectra and .
reflection spectra of solid krypton will be discussed. The most important and original results
of the present work, decay curves and time-resolved excitation spectra for FE and STE of
solid Kr, will be presented afterwards. The author of this thesis hopes, that such a sequence
permits also better understanding for the reader, who is not very familiar with luminescence
ofRGS.

4.1 Luminescence of solid krypton

Kr crystals, like solid Xe, exhibit simultaneously strong broad-band self-trapped exci-
ton (STE) luminescence as well as considerable narrow-band luminescence of free excitons
(FE). The first observation of FE luminescence in solid Kr was reported by Bonnot et al.
[BBC+74]. Since FE luminescence is observed only in samples with very good 'quality'
(i. e. homogeneous sample with relatively big crystallites, very small amount of impurity and
as grown defects), it makes spectroscopic investigations of FE luminescence experimentally
rather complicated. Nevertheless, several papers are available about FE luminescence in
solid Xe [KS79, VBF+93, Fug88, Ste99]. Less information is published about FE lumines-
cence in solid Kr [VBF+93, Var94, Klo89]. Lack of data about FE luminescence in solid
Kr is partially caused by the purity of Kr gas used. Namely, commercially available Kr gas
is always unintentionally doped with a certain amount of the isoelectronic Xe impurity, and
Xe atoms in a Kr matrix are extremely good luminescence centers. Some tens of ppm Xe
in Kr cause strong Xe luminescence, suppressing significantly the FE luminescence of solid
Kr. The intensity of the FE line in a luminescence spectrum is very sensitive to the 'qual-
ity' of the sample, since FE emission exists only in samples with good crystal structure and.



small amount of defects. Therefore the ratio of FE and STE intensity is used as a measure
of sample 'quality' [VBF+93].

Figure 4.1 (a) shows a typical luminescence spectrum of'good quality' krypton sample.
This sample is grown from Kr gas with the highest purity commercially available (Spectra
Gases, 99.999 % Kr, Xe less than 5.0 ppm). Broad-band luminescence in the region of 8.6
eV is assigned to the STE emission and a narrow peak at Eex=10.14 eV is due to the FE
luminescence. At the low energy side of FE, a phonon-caused satellite is located. A small
peculiarity at the higher energy side of FE is most probably an experimental artefact caused
by the VUV-2 monochromator.

Figure 4.1 (b) demonstrates a typical luminescence spectrum of solid krypton with
some Xe impurity. The spectrum is more complicated due to the Xe impurity which causes
clearly observable emission bands at 9.65 and 9.69 eY. The additional bands in the region
6.7 ... 8.4 eV, which overlap with the STE band ofKr, originate as well from (KrXe)* and
Xe2 molecular centres [VBF+93, SOGG94].

4.2 STE luminescence of solid krypton

The STE luminescence of solid Kr is well known and has been studied several times
by many groups [Var94, KKK+97, SOGG94]. Nevertheless, the maximum and width of the
STE emission band reported in the literature vary significantly. A collection of experimental
data (the peak maxima and widths) for STE band is shown in table 4.1. Experiments of the
present work clarified that mainly two factors induce such big variations - the amount ofXe
impurity and the 'quality' of the sample (i.e. existence of a macroscopic crystal structure).
The Xe impurity causes the appearance of new Xe-connected emission bands and some of
these overlap with STE luminescence band, complicating the analysis. As a result, the ex-
perimentally detected luminescence band shifts to the high-energy side and its shape also
changes (see Fig. 4.1). In contrary, the crystal defects induce a red shift of the STE lumines-
cence band. The characteristics of the STE band obtained from experiments in present work
and earlier studies [FBYS86, KKK +97] are collected in table 4.1. Yarding et al. [Var94] had
Kr samples with a noticeable amount ofXe impurity. Therefore they decomposed the exper-
imentally observed broad luminescence band using mathematical methods into the different
sub-bands. However, such a method is sensitive to the initial parameters and depends also
on the exact fitting procedure. The Kharkov group also used decomposition into sub-bands
[SOGG94]. They investigated the red shift of the luminescence band during irradiation
of the sample assuming that the STE band is a sum of two gaussian sub-bands: STE at a
'perfect crystal site' and STE associated with a defect [SOGG94, FSOG93]. In their inter-
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Figure 4.1: (a) Luminescence spectrum oj 'good quality' Kr sample (sampleI6, purity oj the
gas 99.999 %, less than 5 ppm Xe). (b) Luminescence spectrum oj solid Kr with Xe impurity
(sample 12). Both spectra were excited by 10.42 e Vphotons at 6 K and measured with the
high-resolution VUV-2 monochromator (resolution 6.\ =1.1A).



4. Experimental 'results and discussion

pretation, the red shift is due to the increase of the intensity of the STE luminescence band
near crystal defects. The Kharkov group considered only effects of the sample structure, but
ignored the role of Xe-impurity at the high energy side of the STE.

It is important to emphasize that the width of the STE luminescence band depends on
the type of excitation. Photoexcitation in the excitonic region gives a narrower STE band
compared to an excitation which creates electron-hole pairs. Most probably, an increase of
the defects accompanied with high-energy excitation sources leads to the rise of the intensity
of the defect-related sub-band.

Reference Comments Position FWHM Excitation***
(eV) (meV)

[Var94] fitting result 8.55 200 hv=1O.42 eV
[SOGG94] 'pure' STE band (fit) 8.6 280 Ee=l keY
[KKK+97] monocrystal (1 ...2 cm3) 8.5 530 x-ray
This work** 'good quality' (No. 15) 8.58 300 hv=10.42 eV
This work* 'good quality' (No. 34) 8.59 340 hv=10.60 eV

[SOGG94] 'defect' STE band (fit) 8.38 370 Ee=1 keY
This work** 'snow-like' (No. 28) 8.37 400 hv=10.42 eV
This work* 'snow-like' (No. 27) 8.34 380 hv=10.42 eV
[FBYS86] probably 'snow-like' 8.34 470 Ee=0.5 keY

Table 4.1: A collection of experimental data for STE luminescence band of solid Kr.
*Measured with the high-jiux monocromator VUV-l. **Measured with the high-resolution
monochromator VUV-2. ***hv means the photon energy and Ee is the energy of the electron
beam.

Differently from several studies of the Kharkov group, the sample 'quality' effects were
observed more precisely in this work. Two different kinds of samples were prepared - 'good
quality' (e.g. sample 15, FE/STE ratio 1:2) and 'snow-like' (with irregular macroscopic
crystal structure consisting of the tiny crystallites and looks like snow in visual observation,
e.g. sample 28). Practically Xe impurity free Kr gas was used as well. The STE lumines-
cence for both kinds of samples was measured under similar conditions. The STE emission
bands of these samples are depicted in figure 4.2. In the 'snow-like' sample the STE lu-
minescence band can be represented with only one, but rather broad gaussian. Perturbed
STE in a 'snow-like' sample can occupy several sites with different microscopic neighbour-
hood. The distribution of these sites with different local geometry for the perturbed STE
can be responsible for the broad gaussian-shape luminescence band. However, the situation
with a 'good quality' sample is also not perfect, because the structure of a real crystal is
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'snow-like'
sample

'good qualiy'
sample

Figure 4.2: Time-integrated STE luminescence spectra for a 'snow-like' sample (sample 28)
and a 'good quality' sample (sample 15, FE:STE peak-to-peak ratio 1:2), excited by 10.42
e Vphotons. A decomposition into two gaussians is also shown for 'good quality' sample.

never defect free. The luminescence band of a 'good quality' sample includes beside the
STE luminescence at perfect surrounding also some contribution from the STE near defects.
Taking into account the maximum and the width of the 'defect' luminescence band from a
'snow-like' sample, it is possible to separate this small 'defect' part (rviO per cent from the
integral band intensity in sample 28, see Fig. 4.2). As a result, the position of the maximum
and width ofthe STE band in a 'good quality' sample was determined with higher precision.

Numerical values for the location of the maximum and width of the luminescence band
obtained in this work are given in table 4.1. For the first time, it is clearly demonstrated,
that the STE luminescence band near defects is shifted rvO.25 eV to the lower energy side
and it is also broader than the emission band of STE in the perfect lattice. Results of the
present work are practically free from an uncertainty caused by the two gaussian fit of the
broad luminescence band with not well defined initial parameters. Due to the especially
purchased high-purity Kr, the present work is not suffering from the disturbances induced
by Xe impurity.
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4.3 Shape of the STE luminescence

A detailed investigation of the STE luminescence band shows, that in the case of a
'good quality' sample with a very small amount of Xe impurity the high-resolution lumi-
nescence spectra yields small peculiarities in the region 8.6 ... 8.7 eV (inset in Fig. 4.3).
Very recent calculations by Selg and Hizhnyakov offer a good explanation for such a pecu-
liarity in solid Xe [SHK+OO). The STE luminescence spectrum for solid Xe was calculated
in a quantum mechanical approach, the excited state as well as ground state were represente~
using molecular-type wave functions .
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Figure 4.3: Calculated time-evolution of the spectral shape of the singlet component of
the STE luminescence in solid xenon [SHK +00]. Different curves show the evolution of
luminescence between excitation at t=O ns and time t, indicated by a number above the
respective curve. Inset: A high-resolution time-integrated luminescence spectrum of the
STE in solid Kr, excited by 10.42 e Vphotons.

Fig. 4.3 depicts calculated luminescence spectra for the singlet component of the STE
luminescence in solid xenon at various time-moments after excitation. A delta-function like
excitation at time zero to the highest vibration levels ofXe:;; center just below FE energy was
assumed. Different curves in Fig. 4.3 represent the successive evolution of luminescence
after each ns. As it is clearly demonstrated in Fig. 4.3, a peculiarity at 7.5 eV exists in the
emission spectrum. Detailed calculations assigned this peculiarity to transitions from the
lowest vibrational levels n=O,1,2... of the excited state to the ground state [SHK+OO).
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Such effects can occur also in solid Kr, but with slightly different shape, due to the
different potential curves. Therefore, the observed peculiarity in solid Kr (inset in Fig. 4.3)
has most likely the same origin as shown by calculation for solid Xe. The peculiarity in
the emission spectra of solid Kr is less pronounced than in calculated emission spectra,
since time-integrated luminescence spectra include besides the STE singlet component also
emission from the long-living triplet state. The peculiarity at 8.6 ... 8.7 eV is also to a certain
extent sample-sensitive and not well-pronounced in all samples.

Another possibility has to be considered as well. Namely, the peculiarity at 8.6 ...
8.7 eV can be connected with sensitivity variation of the VUV sensitive PSD at different
wavelengths. Therefore, the problem needs additional high-resolution time-resolved inves-
tigations.

4.4 Reflection spectra

Reflection spectra of solid Kr have been measured several times by different groups in
the past, for example: Haensel et al. [HKK+70] and Saile [Sai76, Sai80]. Most problems
in reflectivity measurements of RGS are connected with sample 'quality'. The structure of
the sample and particularly of its surface, the thickness and the temperature of the sample, .
surface contamination, etc. can seriously influence reflectivity. The 'quality' of the sam-
ples prepared in this work is significantly improved as compared with earlier studies. Also
vacuum conditions, especially important for reflection measurements, were considerably
better. Therefore, beside luminescence measurements, also new high-resolution reflection
measurements were performed during this work. These data permitto determine more ac-
curate several values of exciton characteristics in solid krypton. Also some new aspects of .
the exciton-polariton nature of the n= I and n'= 1 excitons will be discussed on the basis of
new high-resolution reflection data in this section.

Fig. 4.4 depicts a typical reflection spectrum of solid krypton. This spectrum was
measured from sample 25 using the Pt grating with a resolution 6.),=2.2 A. In this figure,
both exciton series and the position of the band gap are denoted by arrows. The members
of the r(~)exciton series are marked with n=1,2,3,4 and the members of the spin-orbit .
splited r(~) series with n '=1,2,3. It is important to note, that n=1 and n '=1 mark transversal
excitons and Land L' respective longitudinal excitons. Surface exciton is designated with
s. The same notation is used also henceforth. The position of the n=1 exciton is taken from
the high-resolution luminescence measurements [Var94]. Detection of the exact position of
n '= I exciton, as well as longitudinal excitons Land L ' is not trivial. Therefore, the energetic
positions of the n '= I, Land L' in Fig. 4.4 are estimates.
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Figure 4.4: Reflection spectrum of solid Kr (sample 25, T=6 K), measured with the Pt grat-
ing (b.>"=2.2A). The position of the n=1 exciton is takenfrom the high-resolution lumines-
cence measurements [Var94}, positions of the n '=1, Land L' are estimates.
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Figure 4.5: Calculated reflectivity curves for the exciton-polariton. On the left: the simplest
exciton-polariton model neglecting the dispersion of the exciton [Kli9 5]. On the right: a
model calculation including exciton dispersion for the special case of the n=1exciton in
solid Xe [KS79}. EL means energy of the longitudinal exciton and ET is energy of the
transversal exciton.
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Figure 4.6: High-resolution reflection spectrum of solid Kr (sample 32, T=6 K), measured
with Al grating (b.,)"=O.6A). The inset shows n=4 and n=5 excitons in large scale. For the
first time, the n=5 exciton was observed.

Differently from the sharp maxima of n22 and n '22 excitons, the reflection peaks of
the n=l and n '=1 excitons are significantly broadened. This happens due to the well-known·
transversal-longitudinal splitting, discussed in earlier papers [KS79, FGS82, Zim87]. Fig.
4.5 shows the results from two model calculations for the line-shape of reflection peak of
exciton-polariton. The reflectivity, shown on the left, is calculated for the simplest exciton-
polariton model neglecting the dispersion of the exciton. The situations without damping
()'=O) and with 3 different damping coefficients C1'1 <)'2<)'3) [Kli95] are shown. A result
of a model calculation by Kink and Selg for the solid Xe n=l exciton (including exciton·
dispersion) is demonstrated on the right [KS79]. As Fig. 4.5 demonstrates, it is difficult
to find exact energetic positions of the transversal (n=l, n '=1) and longitudinal excitons
(L and L') directly from the reflection spectra. In principle, more accurate values from the
rather complicated model calculations can be obtained [KS79].

Reflection spectra with both, aluminium and platinum grating were measured during
this work. The aluminium grating offers higher intensity of incident light in the spectral .
region below'" 15 eV and has practically no usable intensity above ",20 eV (see Fig. 2.2).
Therefore, for solid Kr the aluminium grating offers unique possibility to work almost with-
out higher diffraction orders of exciting light. Fig. 4.6 presents a high-resolution reflection
spectrum of the exciton region. This spectrum was recorded with the aluminium grating



sample 39 sample 32 sample 25 mean
Resolution (A) 0.55 0.6 2.2 value**
Sample temperature (K) 7 5 6 (rounded)

Exciton identification
Volume n=l 10.137* 10.14*

n=2 11.222 11.234 11.23 11.23

n=3 11.428 11.435 11.42 11.43

n=4 11.489 11.505 11.50 11.50
n=5 - 11.539 - 11.54

n'=2 11.911 - 11.895 11.91

n'=3 12.157 - 12.151 12.16
surface n=l - 9.936 - 9.94

n'=l - 10.662 10.66 10.66

Table 4.2: Energetic positions of the location of the well-defined reflection peaks for three
different sample and mean values. Due to the longitudinal-transverse splitting, 'exact' po-
sitions of the n '=1, Land L' can not be directly determined from the experiment and are
therefore missing here. *Energy of the n=1 exciton stems from the luminescence measure-
ments [Var94]. **Error of the mean values is predicted to be 10 me V or smaller.

(sample 32, resolution 6),=0.6 A). The well pronounced n=5 member of the Wannier series
is observed for the first time. The observation of a new member of the exciton series was
possible due to the high sample 'quality' and very good vacuum conditions at the SUPER-
LUMI set-up.

The positions of well-defined reflection peaks from three different samples and mean
values are collected in table 4.2. As stated above, it is not possible to find the particular
values for the n '= 1, L and L ' directly from the reflection spectra and therefore their positions
are excluded from table 4.2. The estimated error of mean values is not more than 10 meV.

According to theory, the excitons with main quantum number n~2 are Wannier-type
excitons (energy given with Eq. 3.5). The n=l exciton is classified as 'intermediate exci-
ton' [Zim87]. One reason is that the n=1 exciton energy, determined from the reflection
spectrum, can not represented as a member of the Wannier series.

But energy of the n=l exciton can be taken from the luminescence measurement and
n~2 exciton energies from the reflectivity measurement. In such a case, plotting these en-
ergetic positions as a function of 1/n2, it is shown, that all members of the series can be
described by the Wannier formula (Eq. 3.5). An analogous result is also valid for solid Xe
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Figure 4.7: Exciton energies of the f(%) series as a function of 1/n2 for data from three
different samples. A linear regression is shown as well.

[Ste99]. At first sight, the new result excludes a need for (at least for the heavy RGS like
Xe and Kr) all theories developed to explain the deviation of the energetic position of the
n=l exciton from the Wannier model. Nevertheless, the Wannier radius of n=l excitons is
smaller than the distance between nearest neighbours in all RGS (in solid Kr, Wannier ra-
dius is 2.65 A and n.n. distance is 3.98 A, respectively) and therefore the exclusion of the .
'intermediate exciton' model has to be taken with care.

A graphical presentation of the exciton energies versus 1/n2 permits to find the binding
energy B* of the Wannier exciton and the band gap energy Eg using a simple linear regres-
sion. Such a linear regression for data from 3 different samples is shown in Fig. 4.7. In this
figure, the energy of the n=1 exciton is taken from luminescence experiment [Var94] and
energies of the n2':2 excitons from reflection measurements. The numerical results of the .
linear regression are presented in table 4.3. There are also results of the linear fit without
and including the n=1 exciton. Results are very similar in both cases. The reduced mass of
the exciton J.L can be calculated from the exciton binding energy B*. The reduced mass is
given by (SI system)
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f( ~) exciton series n";>lt n";>2

Binding energy B* (eV) I.4S±O.OI 1.44±0.02

Band gap energy Eg (eV) 11.S9±0.01 II.S9±0.01

Reduced mass of the exciton J-l (mo) 0.376±0.03 0.374±0.OS

f( ~) exciton series n '=2,3tt

Binding energy B'* (eV) 1.80±0.14

Ionization limit of exciton series E' 9 (eV) 12.3S±0.03
Reduced mass of the exciton J-l' (mo) 0.47±0.04

~ Spin-orbit splitting ~= Eg- E' 9 (eV) ~ ~ 0.76±0.04 ~

Table 4.3: New values obtained in the present work for the binding energy of excitons and
for the reduced mass of excitons (in the case of full series and series without first mem-
ber). tAs energy for the n=1exciton is used FE luminescence energy from [Var94]. tt Since
data originate only from two observed exciton peaks, possible errors are significantly larger
compared to the other cases.

where h is the Planck's constant, e is the elementary charge, Co is the dielectric constant and

Cr is the dielectric permittivity of the medium. After inserting the physical constants, the

expression for the value of the reduced mass J-l is

J-l[mol = B*[eV] . c: ·0.0734,

where B* is expressed in eV, J-l in free electron mass and Cr =1.88 for solid krypton. Since

the cr is not a fundamental constant and the different values are used for Cr in the literature,

it is not included into the numerical constant in Eg. 4.2. From the reduced mass J-l of,
exciton it is also possible to estimate the exciton radii (see Eg. 3.6). A reduced mass value

J-l=(0.376±0.03)·mo gives a radius for the n=l exciton 2.6S±0.03 A, which is smaller than

the distance between nearest neighbours in Kr lattice (3.98 A). The calculated radius for the

n=2 exciton is 10.6±0.1 A. However, the error bars for the radii of excitons (especially for

the n=l exciton) are probably underestimated due to the restrictions of the Wannier model.

The binding energy B*' and reduced mass J-l' for r(~)excitons were analogously cal-

culated from the reflection data of f( ~) exciton series. The difference between Eg and E' 9

gives a value for spin-orbit splitting ~ (see table 4.3). In the case of the free Kr atom, the

spin-orbit splitting is 0.67 eV [SKJ8S].

Some values of the binding energy and reduced mass of the excitons for solid krypton

from literature as well results of this work are presented in table 4.4. The data of this work,

measured with very good spectral resolution, are a good basis for obtaining high precision
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Reference [Bal62] [Ros70] [Sai76] Present work
Method absorption theory absorption reflection
Temperature (K) 40 6

B* (eV) 1.73 1.53 1.44±0.02
Eg (eV) 11.67 11.67 11.61 l1.59±O.01

I-" mo 0.41 * 0.42 0.40 0.376±0.05

B'* (eV) 1.52** 2.09*** 1.80±0.14***
E' (eV) 12.33** 12.37 12.44*** 12.35±0.03***9

1-'" mo 0.36* 0.54 0.47±0.04

(eV) ~ ~ 0.70 ~ ~ 0.76±0.04 ~

Table 4.4: A collection of the parameters for exciton series in solid Kr from literature.
Results of the present work are also shown. *Baldini used value cr=1.80. **On the basis of
n '=1 and n '=2 excitons. ***Onthe basis ofn '=2 and n '=3 excitons.

values of exciton parameters. Therefore, it is reasonable to assume that these values are
more reliable compared to the earlier studies, known from the literature.

The uncertainty of the peak positions due to the primary monochromator is a sum
of two components: (i) the resolution of the monochromator (ii) the nonlinearity of the
monochromator. The best resolution of the primary monochromator was 0.6 A, i.e. '"'-'6meV
at 11 eV (in the middle of the excitonic region). The nonlinearity of the monochromator
was estimated to be 0.2 A [Run97], i.e. '"'-'2meV at 11 eY. Therefore, for high-resolution
reflection measurements, the error due to the primary monochromator is less than 10 meY.
Additionally, exciton peaks in the reflection spectra have also a natural shape obstructing a
precise determination of the peak positions. Errors for the calculated quantities (B*, Eg, 1-")
were estimated on the basis of the least square method.

It is possible to calculate effective masses for the electron and hole (me and mh) from
the reduced exciton mass 1-", determined experimentally. This is by far not trivial, since the .
reduced mass I-" gives only one relation between the electron and the hole effective mass.
Hence, either the me or mh is necessary to be known. Two additional complications also
exist. Firstly, it is expected that the hole effective mass m'h is anisotropic leading to the
anisotropic reduced mass of the exciton I-" [Rat96, KM73]. Secondly, it is predicted that
there are two different kinds of holes: light (mh=1.2l·mo, in the direction r ~ 6. ~ X
of Brillouin zone) and heavy (m'h=7.66·mo, also r ~ 6. ~ X) holes [KM73]. However, .
notwithstanding theoretical considerations such a effects are not observable neither in the
reflection nor in the luminescence spectra. Therefore, the anisotropy can be ignored and the
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~ Author(s) Reference ~ me (mo) ~

Fowler [Fow63] 0.60
Rossler [Ros70] 0.42

Kunz and Mickish [KM73] 0.418
Ratner [Rat96] 0.71
Plenkewicz et al. (in liquid)1 [PFPJ91] 0.45

~ Bader et al. (experimental)2 [BPCS84] ~

Table 4.5: A collection oj theoretically estimated effective electron masses Jor solid Kr.
1Near triple point. 2 This experimental value is applicable Jor higher conduction band states,
not Jor the bottom oj the conduction band.

mean isotropic values for the mh and J.L are used.
No experimental value for the effective electron mass near the bottom of the conduction

band has been determined. Only several theoretical estimates are available, collected in
table 4.5. Bader et al. reported the experimental value m:= l.l·mo (mo is free electron
mass)[BPCS84], found on the basis oflow-energy electron transmission data. Unfortunately
this method gives a value for the higher conduction band states. Since the value of effective
electron mass is more reliable than the estimates for effective hole mass mh, the effective
electron mass me=0.42·mo is used as a known quantity in this work. Such a value of me was
introduced by Rossler [Ros70] and it is also in good agreement with calculations by Kunz
and Mickish (me=0.418±0.001) [KM73]. Taking me=0.42·mo and J.L=0.376·mo (table 4.3),
then the calculated value for the effective hole mass is mh=3.59·mo.

The width of the exciton band can be estimated on the basis of the effective masses of
electrons and holes. In the simple parabolic band approximation, the width of the exciton
band equals to

2B = !i2k~ax
2 * 'mex

where B is the half-width of the exciton band, kmax the maximal value of the wave vector in
the first Brillouin zone and mex the effective mass of an exciton. For solid Kr, mex = me+
mh=(0.42+3.59)·mo=4.01·mo. The maximal value for the wave vector kmax for fcc lattice is

~J5, i.e. distance between f(O,O,O) and W(~, 0, 27r) points in the first Brillouin zone. On
a a a
the basis of such data, the half-width of exciton band equals to B=O.37 eV, which seems to
be more reliable than the widely used literature value B=0.45 eV estimated with a similar
method [Fug78].



Temperature dependence

Reflection spectra measured at different temperatures (from 7 to 37 K) are shown in Fig.
4.8 (sample 39, ~A=O.55 A). The peak positions for well-defined sharp exciton maxima are
listed in table 4.6. As discussed before, positions of the n '=1, Land L' can not directly be
determined from the reflection spectra and therefore are missing here. Values for the n= 1
exciton are taken from high-resolution luminescence measurements [Var94]. The data of
Fig. 4.8 and table 4.6 demonstrate that excitonic peaks shift with increasing temperature
to the low energy side. Such a shift is linear in first approximation (Fig. 4.9). However,
high-resolution luminescence experiments revealed that the linear temperature dependence
of the FE luminescence starts only above 15 K in solid krypton [Var94].

Figure 4.8: High-resolution reflection spectra of solid Kr (sample 39, ~A=O.55 A) measured

at various temperatures. The position of the n = 1 exciton is taken from the high-resolution

luminescence measurements [Var94], positions of the n '=1, Land L' are estimates.
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~ Exciton 37 K ~ mean shift ~
meV/K

volume n=l 10.137* 10.135* 10.124* 10.113* 0.8

n=2 11.222 11.222 11.218 11.209 0.4

n=3 11.428 11.429 11.424 11.420 0.3

n=4 11.489 11.490 11.486 11.488 -
n'=2 11.911 11.904 11.900 11.898 0.4

n'=3 12.157 12.158 12.158 12.156 -
surface n=1 - - - 9.931 -

n'=1 - - 10.684 10.679 -

Table 4.6: Temperature dependence of the well-defined exciton peaks of solid krypton (sam-
ple 39). * Values are taken from high-resolution luminescence measurements [Var94]. Due
to the longitudinal-transverse splitting, 'exact' positions of the n '=1, Land L' can not be
directly determined from the experiment and are therefore missing here.
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Figure 4.9: Temperature dependence of exciton peak positions in the reflection spectra of
solid krypton (sample 39). Symbols present experimental data and linear regressions are
shown as solid lines. For the n=1 exciton high-resolution luminescence data is plotted
[Var94].
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Such a phenomenon is known and was studied several times for solid xenon [SA73,
Ste99]. In order to explain a linear temperature shift, two possibilities exist: (i) a red shift
due to the decrease of the crystal density or (ii) a red shift due to the broadening of energy
bands by phonons [SA73]. If the red shift is mainly due to broadening of the energy bands by
phonons, the shift of the exciton peaks is supposed to be negligible below Debye temperature
8D (8D=64.0 K for solid xenon and 8D=71.7 K for solid krypton). Since the observed red
shift of the excitonic peaks was linear also below the Debye temperature, Steinberger and
Asaf concluded [SA73] that the shift of the exciton bands with the temperature is due to
the increase of the lattice constant with increasing temperature in solid Xe. The energies of
the conduction and valence bands edges change with the lattice constant, and this change is
quantitatively expressed by means of the deformation potential. Most probably, the shift in .
solid Kr has the same origin as in solid Xe.

Time-resolved measurements permit to distinguish between different processes of FE .
creation and also to investigate such processes. For the first time, time-resolved excitation
spectra of FE luminescence in solid Kr were measured using excitation up to ",35 eV during
present work. Moreover, FE luminescence decay curves were systematically investigated in
the energy range up to ",35 eV as well. Previous studies of the FE luminescence of solid Kr
were mainly restricted to the excitonic energy region [Var94, Kl089].

FE decay curves at different excitation energies are presented for a typical 'good qual-
ity' sample in Fig. 4.10 and Fig. 4.11 (sample 14, FE/STE ratio 0.84). The Al grating
was used for excitation energies below 18 eV (~A=3.5 A), and the Pt grating (~A=2.5 A)
was applied at higher energies. The spectral resolution of the secondary monochromator .
VUV-2 was set to ~A=8 A. The time-resolution of the MSP detector (320 ps, FWHM) was
determined using the time-structure of stray light, shown at the bottom in both figures. Such
a time-resolution is a convolution of the width of the synchrotron radiation pulse (130 ps,
FWHM) and of the time-response of the detector and electronics. In the time-structure of
the straylight, side-bunches are visible, delayed by 2 ns. periodicity from the main-bunch.
Since the maximal intensity of the side bunches was more than 200 times smaller compared'
to that ofthe main-bunch (t=O ns), they did not affect significantly the shape of decay curves.

As experiments demonstrate, the variation of excitation energy causes considerable
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Figure 4.10: Decay curves of FE luminescence (Eex =10.14 e V) in solid Kr at 5 K (sample
14) at lower excitation energies. The shape of the excitation pulse is shown on the bottom.
Time t=O corresponds to the maximum signal intensity of the excitation pulse. Excitation
energies are shown in the figure above respective curves.
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Figure 4.11: Decay curves of FE luminescence (Eex =10.14 eV) in solid Kr at 5 K (sample
14) at higher excitation energies. The shape of the excitation pulse is shown on the bottom.
Time t=O corresponds to the maximum signal intensity of the excitation pulse. Excitation
energies are.shown in the figure above respective curves.
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changes in the shape of FE decay curves. Different processes of FE creation lead to charac-
teristic shapes of the FE decay curves. In the spectral-range of SUPERLUMI, three regions
with different FE creation processes are separable on the basis of the decay curves and ex-
citation spectra.

(i) Eex<hv<Eg. In the case of photo excitation energies above the FE energy hv>Eex
(Eex=IO.13 eV) and below the band gap hv<Eg (Eg=I1.59 eV), a direct optical creation of
excitons occurs. After their creation, excitons relax very quickly (in the time-scale of exper-
imental set-up) to the lowest FE state. The radiative decay or self-trapping are depopulating
this FE state. As Fig. 4.10 demonstrates, the decay curves in the case of excitonic excita-
tions show a non-exponential behaviour. Such a temporal behaviour of the FE luminescence
in solid Xe and Kr was described in a three-step model by Yarding et al. [VRZ94] (chapter
3.4.2, p. 49).

Decay curves excited above n'=l and below n=2 exciton state differ from other de-
cay curves in the exciton energy range. The decay curves in this region show less non-
exponential behaviour and are slower (Fig. 4.10, excitation energy 11.07 eV). Also time-
resolved excitation spectra indicate lengthening of the FE decay. It seems empirically rea-
sonable to connect such an effect with the creation of exciton of r(1/2) series. However,
this point needs additional investigations. Such an effect is observed for the first time. Al-
though Yarding [Var94] investigated FE decay curves of solid Kr in the excitonic region,
he did not report such an effect. Most probably the reason was Xe impurity, influencing
significantly shape of the decay curves. Similar effect is not observable in solid Xe, where
the n'=l exciton is located above the band gap.

(ii) Eg<hv<Eth. Using primary excitation energies exceeding the forbidden gap en-
ergy (hv>Eg), i.e. creating electron-hole pairs, the situation becomes more complicated. In
that case the FE decay exhibits a 'prompt' component (maximum is conforming with the
excitation pulse) and a 'slow' component with a distinguishable additional delayed maxi-
mum (Fig.' 4.10 and 4.11). It is important to note that the 'prompt' part is superimposed
to the rising part of the 'slow' component. Fig. 4.10 shows clearly that the 'slow' compo-
nent exists only when exciting above the forbidden gap. It means that the 'slow' component
is caused by FE creation through electron-hole recombination. More precisely, the 'slow'
component is a convolution of the temporal evolution of electron-hole recombination into
an excitonic state and the decay of the free excitons. It is quite natural to expect that by
increasing the excitation energy, electrons with higher kinetic energy need more time to re-
lax down to the bottom of the conduction band and the maximum of the 'slow' component
is more delayed. As discussed before (section 3.5.1, p. 51), it is possible to simulate ex-
perimental decay curves of the 'slow' component with model calculations in the excitation
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region Eg < hv ~ Eg +1.5 eY. A comparison between experimental results and calculations
will be presented afterwards (section 4.9, p. 115).

The origin of the 'prompt' component in this energy-region is not well understood.
This component has a decay time, much longer than the straylight (Fig. 4.10 and 4.11).
Consequently, it is without any doubt a FE luminescence signal and is not due to scattered
light. To explain the origin of 'prompt' component, two possibilities exist. (i) It could be an
experimental artefact originating from a FE luminescence signal excited by scattered light
of the primary monochromator. To exclude such an excitation possibility, it is necessary
to use a monochromator with an extremely small scattered light background, e.g. a dou-
ble monochromator. Another challenge is to use a monochromatic light-source. In VUV
spectral range, such a light source can be a free-electron laser. (ii) It cannot be excluded,
that the 'prompt' component has an yet unknown physical origin. Unfortunately, up to our
knowledge no suitable theory describing the phenomenon has been developed. Only very
speculatively, the formation of the 'prompt' component may be connected with the 'gem-
inate recombination' model, where the created electron stays in close spatial proximity of .
its counterpart hole and their fast mutual recombination leads to the FE formation [Mik87].
Consequently, the origin of the 'prompt' component needs additional investigations. An
analogous effect has been detected in solid Xe in the case of excitation above the band gap.
Nevertheless, there is a different situation, because the 'prompt' component in solid Xe has
a shape, characteristic for stray light [Ste99]. Therefore, the 'prompt' component of the FE
decay.in solid Xe is most probably an experimental artefact, which has to be proved as well.

(iii) hv > Eth. The shape of the decay curves changes significantly above an exper-
imental threshold energy hv=Eth ~21.7 ± 0.2 eY. The energy value of this threshold is
determined from the time-resolved excitatiop spectra and will be discussed in the next sec-
tion. This experimental threshold value is nearly equal to the sum of the band gap energy
and the exciton energy (Eth=Eg+Eex). As Fig. 4.11 shows, the intensity of the 'prompt'
part of the FE decay curves increases essentially above this threshold. This happens, since
for excitation energies above the threshold at Eth ~2l. 7, two excitations per one absorbed
photon can be created. The threshold at "-'21.7 eV can be explained (i) by secondary exciton
creation via inelastic scattering of 'hot' photo-electron in a two step process, (see section
3.7) [VFM99], or (ii) by simultaneous creation of an exciton and a electron-hole pair in
a one-step process (electronic polaron complex, see section 3.8) [DKC72]. Although the
threshold itself arises from creation of an exciton and an electron-hole pair, at higher pho-
toexcitation energies the creation of two electron-hole pairs occurs as well. After creation
of two excitations above Eth, the electrons are again close to the bottom of the conduction
band having 'small' kinetic energy and the maximum of the 'slow' component shifts back
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to shorter times. However, the shape of the 'slow' component above Eth is not so well de-
fined, compared to that of directly excited above Eg, since the energy of electrons in the
conduction band can be differently distributed at similar exciting photon energy.

In the case of time-resolved excitation spectra, two time-connected parameters can
be varied: the length of the time-window (.6.t) and the delay of the time-window from
the excitation pulse (8t; in this work, it is calculated starting from the maximum of the
straylight peak). Time-resolved excitation spectra of FE luminescence for a typical 'good
quality' sample (sample 25) are presented in Fig. 4.12. This figure shows FE excitation
spectra measured in several time-windows: 'hot' (.6.t=0.94 ns, 8t=0 ns), 'short' (.6.t=1.57
ns, 8t=0.59 ns), 'long' (.6.t=5.04 ns, 8t=2.57 ns) and 'very long' (.6.t=32.5 ns, 8t=7.2 ns)
time-window. These 'names' of the time-windows will be used in the following discussions.
For comparison, the time-integrated FE excitation spectrum and the reflection spectrum are
also shown. The resolution of the primary monochromator was 2.2 A (in excitation) and of
the secondary monochromator was set to 11 A (in emission). A sharp straylight peak above
20 eV is caused by the second order of the monochromator, directly demonstrating the good
spectral resolution of the secondary monochromator.

Depending on the delay time and the length of the time-window, different relaxation
processes are observed. As Fig. 4.12 shows, it is possible to observe a straylight peak above
20 eV in the 'hot' time-window, but not any more in the 'short' time-window (8t >0.59
ns). This does not mean, that the 'prompt' processes (in the meaning of the time-resolution
of SUPERLUMI set-up) can be detected only in the 'hot' time-window. The 'prompt' pro-
cesses give also some contribution to the time-windows with longer delay, because the decay
of the 'prompt' excitons extends to longer times.

Immediate creation of FE ('hot' window, .6.t=0.94 ns and 8t=0 ns) is predominant
in two regions: in the excitonic region (hv<Eg) and in the region above the threshold
(hv>Eth ~21.7 eV). A precise energetic location of the experimental threshold will be
discussed in details afterwards. In the excitonic region, direct creation of excitons and their
fast phonon-assisted relaxation to the lowest FE state occurs. As mentioned before, the
threshold at ",21.7 eV can be explained (i) by the so-called process of multiplication of
electronic excitations in the framework of multiple-parabolic-branch band model [VFM99],
or (ii) by simultaneous creation of a FE and an electron-hole pair in a one-step process
(electronic polaron complex) [DKC72]. Both models predict a theoretical threshold at
E:~eo=Eq+Eex ~21.72 eV, which is in very good agreement with the experimental value
Eth=Eg+Eex ~21.7 ±0.2 eY. A remarkable change of the shape of the FE decay curves
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Figure 4.12: Time-integrated and time-resolved excitation spectra of FE luminescence at
10.1 eV (sample 25, T=6 K, 6,.Aexc=2.2 A, 6,.Alum=11 A). For a comparison, the reflection
spectrum is also shown. The sharp peaks slightly above 20 e V,pronounced in the 'hot'
time-window and time-integrated spectra, are caused by the second order of the secondary .
monochromator. The parameters of the time-windows are denoted in thefigure.



correlates with this threshold as well (see Fig. 4.11).

Even assuming an electron effective mass 0.42·mo and hole mass 8·ma (the largest
known hole mass value from the literature), the SPBB model gives an estimate for the low-
est threshold to be equal to 22.3 eV (i.e. 0.6 eV more than the observed threshold). Such
an energy difference is significantly larger than the possible experimental error. Therefore,
because of its simplicity, the SPBB model [LFK+96] is not adequately describing results of
the present work and it is necessary to use the more complicated MPBB model [VFM99].
However, the MPBB model also describes the conduction band using the parabolic approx-
imation, neglecting the real electronic structure of the conduction band.

A similar threshold at Eth=Eg+ Eex was also observed in solid xenon [SGK+99, Ste99].
In solid xenon, Steeg et al. observed a double peak structure above the threshold, most
probably caused by the spin-orbit splitting of the valence band. The maximum above Eth

is not so clearly split in solid Kr. Nevertheless, a small plateau on top of the maximum
(from 24 to 25 eV in the 'hot' time-window) is visible. In solid Xe, the spin-orbit splitting
is significantly larger (1.37 eV [Ros70]) than in solid Kr (0.70 eV [Ros70]). Therefore, the
origin of the plateau from 24 to 25 eVin the 'hot' window of solid krypton is tentatively
ascribed to the spin-orbit splitting as well.

Independently from the origin of the threshold, it is physically reasonable to assume
that the structures above the threshold in the 'hot' time-window include both processes, the
FE creation via electron-electron scattering and the creation of electronic polaron complex.
However, this point needs additional theoretical investigations.

The contribution of 'slow' electron-hole recombination rises in the time-windows to-
gether with an increase of the delay 81. After a 'sufficiently long' delay all other possible
creation mechanisms of FE, except the electron-hole recombination, are excluded. The
meaning of 'sufficiently long' is not well defined and is determined primarily by the decay
time of the FE. In Fig. 4.12, a 'very long' time-window with a delay 8t=7.2 is shown. The
intensity ofthe 'prompt' component is practically diminished to the detector noise level after
such a delay.

In the 'very long' time-window (8t=7.2 ns), the FE creation through electron-hole re-
combination starts at the forbidden gap energy (a well pronounced step at 11.6 eV in Fig.
4.12). In the energy range Eg<hv<Eth, the intensity in the 'very long' time-window rises as
well. This is due to the retardation of electron-hole recombination, which shifts the intensity
maximum of the 'slow' component of FE decay curves to longer times, i.e. more intensity
is detected within 'very long' time-window.

Above the threshold Eth, the creation of two electronic excitations takes place introduc-
ing changes in the excitation spectra. The intensity increase takes place in all time-windows,
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except the 'very long' time-window. A decrease of the intensity within the 'very long' time-
window above Eth does not mean a decrease of the number of created electron-hole pairs,
but rather the decrease of the kinetic energy of the created electrons. The amount of the
created electron-hole pairs slightly above Eth is the same as before, since the photon energy
is sufficient to create an electron-hole pair plus an exciton, but not yet two electron-hole
pairs. Intensity growth in the 'very long' time-window at ,,-,24 eV is caused by the following
reasons: (i) photons have now enough energy to create two electron-hole pairs, (ii) the initial
kinetic energy of the electrons in the conduction band increases as well and the maximum
of the 'slow' component of the decay curve shifts again to longer times, i.e. the amount of
the emitted photons in the 'very long' time-window increases.

It is important to note, that the 'slow' component of the FE decay curve is very sensitive'
regarding the excitation density. In the case of a 'small' excitation density (i.e. a light-
spot which is not well focused on the sample), the 'slow' component of FE decay curve
is rather weak. At first sight, such an experimental result seems to be contradictory to the
theoretical results (section 3.5.2), where a decrease of the excitation density (Fig. 3.11)
shifts the maximum of the 'slow' component to longer times. But most important is that a
higher excitation density shifts the maximum of the 'slow' component to shorter times with
simultaneous drastic increase of its intensity. Such an effect is shown in Fig. 3.12, where
the decay curves are not normalized. Hence, the experimental and theoretical results are
consequently in good agreement. The behaviour of spectra in the 'very long' time-window
is also in some degree sample sensitive due to the amount of as-grown and radiation induced
defects.

The spectra measured in two intermediate time-windows ('short' and 'long') in Fig.
4.12 reflect the 'prompt' FE creation processes as well as the 'slow' FE creation through
electron-hole recombination. The 'prompt' FE creation dominates in the 'short' time-
window (~t=1.57 ns, bt=O.59 ns) and the electron-hole recombination in the 'long' time-
window (~t=5.04 ns, Dt=2.57 ns). As Fig. 4.12 demonstrates, the maxima in the excitation
spectra above the threshold shift slightly to the higher energy side with an increase of the
delay bt.

Excitation spectra of the FE luminescence were measured on several samples during
this work. Fig. 4.13 displays the threshold region of 'hot' and 'short' time-window in
excitation spectra for two typical samples of' good quality' in an enlarged scale. The general
behaviour of both spectra is similar. The observed thresholds are well-distinguishable and
reproducible. The accuracy ofthe experimental threshold value is determined by the spectral .
resolution of the monochromator and by differences in the 'quality' of samples. Moreover,
there are some difficulties involved concerning the analysis of data (e.g. treatment of the
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back-ground at the low energy side of the threshold, etc.). Therefore, including all these
factors, the value of the threshold is most probably determined with an accuracy of ±0.2 eY.
The threshold in the 'short' time-window is somewhat less pronounced and shifted roughly
0.2 eV to the higher energy side compared to that of in the 'hot' time-window. There are
also some differences in the shape of the spectra near threshold. In the case of sample 16
(Fig. 4.13, on top) the threshold is well defined. Sample 25 (Fig. 4.13, at the bottom) shows
also a small transition region at the threshold.
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Figure 4.13: The threshold region of the FE excitation spectra in solid Kr for two 'good
quality' samples. On the top: sample 16 at 6 K (FE.·STE ratio 1.35, spectral resolution
6),,=2.6 A). At the bottom: sample 25 at 6 K (spectral resolution 6),,=2.2 A).
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Figure 4.14: Ratio of the 'prompt' and 'slow' component in the FE luminescence as afunc-
tion of photon energy. This figure is constructed on the basis of the FE decay curves of
sample 25. The intensity before t=2.5 ns is defined as 'prompt' and after t=2.5 ns as 'slow'.

The time-resolved excitation spectra cannot give a full understanding, how the inten-
sity is divided between the 'prompt' and the 'slow' component. This happens, since the
maximum position of the 'slow' component on a time-scale depends on the exciting photon
energy, but the preselected time-windows are fixed on the time-scale. Fig. 4.14 gives a more
adequate information about the intensity ratio of the 'prompt' and the 'slow' component.
This figure is constructed on the basis of the FE decay curves of sample 25. The intensity
before t=2.5 ns is defined as 'prompt' component and after t=2.5 ns as 'slow' component.
Of course such an approximation includes some error, since the signal before t=2.5 ns in-
cludes a small amount of the 'slow' component and vice versa. Assuming that these errors
compensate each other, the total error cannot be too big ( '"'-'5%).

As Fig. 4.14 shows, in the case of an excitation above the forbidden gap, the 'slow'
component dominates, giving 70 ...80 per cent from the total FE luminescence intensity. In
accordance with the 'hot' time-window in time-resolved excitation spectra, the contribution
of the 'prompt' component rises above the threshold Eth to a maximal value of '"'-'45 % and
then decreases again. So, the results of decay curve measurements are in good agreement
with those. obtained from the time-resolved excitation spectra.

To analyze the multiplication of electronic excitations (MEE) correctly, it is necessary
to eliminate the effects caused by significant changes of the absorption coefficient. The
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increase of intensity in the excitation spectra can also occur without the MEE process due to
the increased penetration depth of exciting light into a crystal. This decreases the probability
for the non-radiative decay of electronic excitations at the surface [LKL95]. No data about
the absorption coefficient for solid Kr are available for the energies below and above the
threshold. Only on the basis of gas-phase measurements, which, of course do not include
any solid-state effects, a comparison can be made for the absorption coefficient in Kr, being
roughly equal for the photons with 15 eV and 25 eV energy [KV77]. Since the intensity at
25 eV in the time-integrated excitation spectra is roughly 2 times larger than at 15 eV, the
process of MEE takes place probably without significant losses.

In section 3.7.2, using the MPBB model, theoretical impact production rates for FE and
electron-hole production were presented. Such production rates were calculated on the basis
of the theory, developed by Vasil'ev et al. [VFM99]. Fig. 4.15 shows a comparison between
the experimental FE excitation spectrum and theoretical calculations. It is important to note
that such a comparison is only approximate due to the following reasons:
eVasil' ev et al. made theory in terms of the electron kinetic energy and therefore, those
calculations are not exactly comparable with the experimental photoexcitation data. In Fig.
4.15, a forbidden gap energy is added to the results on the basis ofVasil'evs theory, ignoring
effects caused by the structure of the valence band. New theory of production rates under
photoexcitation will be published soon and a more accurate comparison between theoretical
and experimental results becomes possible [VasOO].
eThe MPBB model is applicable only near the threshold energy and slightly above, since
this approach uses the perturbation theory of the lowest order [VasOO].Therefore, only an
energy region "-'1 eV above threshold energy is shown in Fig. 4.15.
eThe numerical values of the production rate can be overestimated due to the chosen scaling
factor [VasOO].
eVasil' ev et al. used in their calculations an effective electron mass equal to the free electron
mass, because generally the free electron approximation is used for describing 'higher' con-
duction band states. This is in accordance with experimental results as well (me ~ l.l·mo
for 'higher' states in the conduction band) [BPCS84]. Nevertheless, the effective mass
near the band bottom is assumed to be significantly smaller than the free electron mass
(me ~0.42·mo). Also a strong perturbation of parabolic bands occurs at the border of the
first Brillouin zone. Only calculations on the basis of a 'real' band-structure can take into
account such effects.

Notwithstanding all those problems, the 'hot' time-window of FE excitation spectra
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and calculated FE production rate are depicted in Fig. 4.15. This figure demonstrates the
principal possibility to create secondary excitons in a two step process (i.e. via electron-
electron scattering) using the MPBB framework. The agreement is rather good in the energy
range of validity of the MPBB model as discussed above. However, the 'good' agreement
partly arises from the fact that arbitrary scales are used. Outside of the energy range plotted .
in the figure, the theoretical rate for exciton production increases more rapidly, while the
measured curve reaches its maximum at ",24 eY.
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Figure 4.15: Comparison between the 'hot' time-window (~t=0.94 ns, &=0 ns) in FE exci-
tation spectrum (sample 25, T=6 K, the spectral resolution ~)"=2.2 1) and the calculated
FE production rate in the threshold region. A constant back-ground is added to the calcu-
lated production rate of FE.

The STE luminescence is a superposition of the luminescence arising from two differ-
ent states of the STE: the singlet (T s= 1.1 ns [Roi84]) and the triplet state (T t=830± 100 ns,
this work). Fig. 4.16 depicts a typical decay curve of the STE luminescence of a 'good
quality' sample measured in the two bunch mode of DORIS. A strong background appears,
since a lifetime of the triplet component is comparable with the repetition rate of DORIS
(480 ns in two bunch mode). In the case of the decay curve, shown in Fig. 4.16, the singlet·
component contributes only ",3 % to the total luminescence intensity. The lifetime of the
triplet component should be practically independent from the photoexcitation energy, since



relaxation processes into the triplet state are much faster than the decay of the respective
state. DORIS does not offer optimal conditions for a measurement of the triplet compo-
nent lifetime and its value Tt=830± 100 ns is obtained from a measurement, in which the
luminescence intensity decreases only by factor of two. Such a decrease is much smaller
than that for the FE decay curves, in which the dynamic range of the intensity covers a few
orders of magnitude. Error ± 100 ns is not the statistical error of the fit, but is pointing to the
fact that the lifetime obtained under different excitation energies show some scatter. At first
sight it is surprising that the lifetime of the triplet state from this work (Tt=830±100 ns) is
significantly different from the value given by Roick (Tt=3200± 100 ns) [Roi84], measured
under similar conditions at the SUPERLUMI set-up (bunch repetition rate 960 ns, tem-
perature 6 K). However, a detailed comparison shows that Roick most probably observed
predominantly an emission band originating from the (KrXe)* heteronuclear centre with a
,long' lifetime. On the other hand, the result of the present work is 'true' lifetime for triplet
component of STE in pure Kr.
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Figure 4.16: The STE decay curve in solid krypton (luminescence detected at 8.55 e V, 'good
quality' sample 29, T=6 K). For the determination of the lifetime of the triplet component
(7t= 830 ns) the time-range from 50 to 430 ns was used. The measured curve is depicted by
a solid line. The one-exponential fit is shown as a bold line. Luminescence from the triplet
state dominates and only rv3 % of the total intensity arises from the singlet state.
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component of STE luminescence depends strongly on the excitation energy. This happens,
since the relaxation to the STE state takes place, if not completely then to a considerable
degree through the FE state. Therefore, a 'real' lifetime of the singlet state can be measured .
only exciting below the FE state. Such a measurement gave a value T s= 1.1 ns [Roi84]. Fig.
4.17 shows the singlet component of STE luminescence in solid Kr, excited in the excitonic
region, as well as an instrumental time-response of experimental set-up (i.e. a stray light
signal). In this case the decay time is a superposition of the lifetime of singlet component
and that of the FE.
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Figure 4.17: The decay of singlet component of the STE luminescence in solid krypton
measured at 8.55 e V in the case of excitonic excitation (sample 24, FE.·STE ratio 0.54, T=6
K, excitation energy 10.42 e V). For a comparison, the instrumental time-response of the
experimental set-up is shown.

Fig. 4.18 shows the time-resolved excitation spectra of the STE luminescence in solid
krypton. The spectra were measured for 'good quality' sample 25 and accordingly are com-
parable with the FE excitation spectra, measured for sample 25 as well (Fig. 4.12). Also,
the same time-windows were applied in measurements plotted in Fig. 4.18 and Fig. 4.12.
The time-integrated excitation spectrum of STE is mainly due to the long-living triplet com-
ponent of STE. This is a reasonable assumption, since the singlet component contributes
to the integral luminescence only "'-'3 %. The excitation spectrum of pure triplet compo-
nent ofSTE is shown in the 'very long' (..6.t=32.5 ns, bt=7.2 ns) time-window. On the other
hand, the singlet component ofthe STE prevails in the 'hot' time-window (..6.t=O.94 ns, bt=O
ns), but the 'hot' time-window includes also a significant triplet-background. As Fig. 4.18
shows, all spectra measured in different time-windows of STE luminescence behave in the
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Figure 4.18: Time-integrated and time-resolved excitation spectra of STE luminescence de-
tected at 8.55 eVin different time-windows (sample 25, T=6 K, D.>"excit=2.2A, D.>"lum=11
A). For a comparison, the reflection spectrum is also shown. The sharp peaks above 17 eV
pronounced in the 'hot' time-window and in the integral spectra are caused by the second
order of the secondary monochromator. The parameters of the time-windows are denoted in
thefigure.
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same way, except in the excitonic region. The luminescence intensity in the excitonic region
is significantly stronger within the 'hot' and 'short' time-windows. In time-windows with a
longer delay, the intensity maxima in the excitonic region do not exceed the intensity in the
band to band excitation region.

The spectrum in the 'hot' time-window (~t=O.94 ns, 8t=O ns) of the STE luminescence
behaves analogously to the 'hot' time-window spectrum of the FE luminescence. In both
cases, the luminescence is efficiently excited in the excitonic region and above the thresh-
old Eth=Eg+Eex. The experimental value of the threshold from STE spectra (rv21.7 eV)
coincides with the one obtained from FE measurements (rv21.7 eV). Ifnot all, then at least
a large amount of STE are created through the FE state. Since the singlet component of
the STE luminescence has a very short lifetime, the 'hot' time-window of the STE lumines-
cence repeats the structure of the 'hot' time-window of FE luminescence excitation spectra.
The main difference in the spectra measured in the 'hot' time-windows shows up between
Eg and Eth, the STE signal being relatively stronger than the FE signal. This seems to be
caused by the background contribution of luminescence from the triplet state in the 'hot' .
time-window of the STE luminescence.

FE and STE luminescence behave extremely differently in the windows with the longer
delay ('long' and 'very long' window in Fig. 4.12 and 4.18). In the case of such time-
windows, the excitation spectra of FE luminescence are controlled by 'slow' electron-hole
recombination. In the case of STE luminescence, excitation spectra are controlled by the
long-living triplet state of the STE.

Recently published data for solid Xe [Ste99] allow to compare time-resolved STE ex-
citation spectra with respective spectra of solid Kr. Spectra in the time-windows, where
the singlet component is dominant, behave analogously in both cases. The most significant
difference between Kr and Xe results concerns the behaviour of time-integrated excitation
spectra and also spectra in the 'very long' time-window. In solid Kr, the intensity in the
region Eg < hv < Eth is rather stable and an increase above the threshold Eth=Eg+Eex is
quite strong. On the contrary, in solid Xe the intensity rises steadily above the band gap and
the threshold at Eth is less pronounced.

4.7 Ratio of FE and STE luminescence excitation spectra

The ratio of the time-integrated FE and STE excitation spectra (ratio spectra) offer ad-
ditional information about creation and relaxation of electronic excitations. At the same
time, all kinds of the possible FE and STE creation processes contribute to the ratio spec-
tra and therefore, an interpretation of such spectra is by far not trivial. Fig. 4.19 depicts
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such FE/STE ratio spectra. Two measurements were carried out using the platinum grating
(sample 16 and 25) and one (sample 23) with the aluminum grating. For a comparison, the
reflection spectrum (sample 25) is also shown. The sharp narrow minima at rv 17 eV and
maxima at rv20 eV are caused by the second order of the secondary monochromator. Mea-
surements with the aluminum grating permit to monitor processes in the low-energy range
(roughly below 15 eV) without a disturbing contribution of higher order excitation due to
the primary monochromator. The use of the ratio spectra precludes also an experimental in-
accuracy, caused by the normalization of the recorded spectra. This method offers as well an
important opportunity to remove the disturbing influence of the reflection coefficient, since
reflection losses are included in both excitation spectra canceling with each other in the ratio
spectra.

Above the band-gap, the FE/STE ratio spectra are nearly independent from photon
energy of excitation. A shallow minimum is located above threshold Eth. As explained
before, the modulations in the excitonic region are not connected with the variation of the
reflection coefficient. In principle, between measurements of FE and STE excitation spectra
the reflection coefficient ofthe sample can be slightly changed due to the condensation ofthe
residual gases onto the sample. Analyses of the reflection spectra, recorded simultaneously
with the FE and STE excitation spectra, show that both reflection spectra are practically
identical. Therefore, a possible effect of reflectivity alteration can be excluded.

In the excitonic region, the modulations in the ratio spectra phenomenologically mean
that the FE creation is more probable (or the STE creation is less probable), if the pene-
tration depth of the exciting light is deeper (i.e. the absorption coefficient is smaller). The
modulations in this range being systematically correlated to the penetration depth of the ex-
citing light, might be caused by variations of the balance between radiative FE decay and
self-trapping. It is entirely reasonable that self-trapping is more favourable near the surface
than in the bulk.

In the region of Eg< hv<Eth, the creation of the STE is clearly proportional to the
creation of the FE. The smooth behaviour of the FE/STE ratio spectra above the band gap
strongly supports the idea that the STE originating from electron-hole recombination has
FE states as precursors. In other words, recombination leads to the creation of free excitons
which then either radiate or get localized into the STE state.

Above Eth, there is a small region, where the probability for STE creation increases
(or the probability for the FE creation decreases). The peculiarity (minimum) above Eth is
always present and the depth of this minimum is similar to the one at the n'=1 exciton. The
ratio indicates, that some peculiarities in relaxation processes playa role in the region where
electron-hole pair and exciton are created compared to the band to band transition region.
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The variation of the ratio spectra above rv 27 eV in different samples needs additional
investigations ~efore providing any interpretation.

FE/STE ratio spectrum was also presented for solid Xe [Ste99]. This shows similar
modulations in the excitonic region. Above the band gap Eg, the ratio spectrum is quite
smooth, with some weak structures extending roughly up to ±l5 % from its average value.
Above Eth a noticeable decrease is absent in the FE/STE ratio spectra in solid Xe.
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Figure 4.19: Ratio spectra of the time-integrated FE and STE emissions as afunction ofpho-
ton energy of excitation. Two spectra were measured with the platinum grating (sample 16:
T=6 K, 6.Aexcit=2.6 A, 6.Alum=7 A and sample 25: T=6 K, 6.Aexcit=2.2 A, 6.Alum=11 A)
and one (sample 23: T=6 K, 6. Aexcit=3.0 A, 6.Alum=10 A) with the aluminum grating. The·
reflection spectrum (sample 25) is also shown at the bottom. The sharp narrow minima and
maxima at rv 17e Vand at rv 20 e V arise from second order of the secondary monochromator.
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4.8 Comparison with other experiments

In the following section, the photoluminescence data of the present work and data of
other experiments known from the literature will be compared. Such a comparison gives
additional information about the origin of the threshold at Eth=Eg+Eex and the subsequent
maximum in the photoexcitation spectra of FE and STE in solid Kr.

First of all, a comparison between photo excitation spectra of solid Kr (present work)
and photo excitation spectra of Kr clusters [Kar93] is presented. The spectrally- and time-
integrated VUV luminescence excitation spectra of krypton clusters were investigated by
Karnbach [Kar93]. Due to the weak signal intensity, Karnbach was not able to measure
spectrally resolved excitation spectra on clusters. In the excitation spectra of the clusters,
a threshold was observed similar to Eth=Eg+Eex in the solid. But particularly in the case
of small clusters, it is shifted to higher energies. For clusters, the energetic location of this
threshold is roughly the sum of the cluster ionization energy and the n=I exciton energy
in the cluster [Kar93]. For example, clusters with a mean size of 30 atoms (N=30) have a
threshold at E~::30+E~=30 ~12.4+9.9~22.3 eV [Kar93], where Era::30 is the cluster ion-
ization energy and E~=30 is the n=l surface exciton energy for this cluster. With increasing
cluster size, the threshold moves to lower energies, until, for clusters with a mean size
roughly N=35000 atoms, it coincides with the one of observed in solid krypton [Kar93]. A
similar shift was observed for the maximum above the threshold.

Figure 4.20 shows the 'hot' time-window (~t=0.94 ns, bt=O ns) of the FE lumines-
cence excitation spectrum of solid krypton, an excitation spectrum of spectrally and time-
integrated VUV luminescence of Kr clusters (mean size N=34 atoms), [Kar93] and the
electron mean free path of solid krypton [Sch76].

The probability for electron-electron scattering processes in clusters rises, when the
electron mean free path decreases or the cluster diameter increases. The cluster excitation
spectra demonstrate this behaviour. However, there is the problem connected with a cluster
radius. For example, the radius of Kr clusters ('" N -1/3) is about of loA in the case of
N=30 atoms. At the same time, the electron mean free path in solid Kr, corresponding to
the energy Era::30+E~=30 ~22.3 eV, is roughly 20 A, i.e. the mean free path is larger than
the cluster radius. This is not ruling out the electron-electron scattering process, since the
electron-electron scattering can also occur with some probability at smaller distances than
the mean distance for scattering.

At first sight, the creation probability of the electronic polaron complex seems to be in-
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Figure 4.20: Excitation spectrum oj FE luminescence oj solid Kr in the 'hot' time-window
(6.t=0.94 ns, 81=0 ns) at 5 K (solid line, present work), excitation spectrum oj spectrally-
and time-integrated VUV luminescence oj krypton clusters (mean size N=34 atoms, dotted
line) {Kar93}, and the election mean Jree path in solid krypton (dashed line) {Sch76}.

dependent from cluster size, since both excitations are created simultaneously at the 'same'
site. However, the threshold for the electronic polaron complex cannot be expected at
Eth=Eg+Eex as in a solid, but at Efan +E~. Especially, the ionization energy of the clusters
Efan depends significantly on the cluster size and for small clusters essentially exceeds Eg
(e.g. Et:;:30 is 0.8 eV larger than Eg). It means, that the threshold energy for the creation
of an electronic polaron complex in the clusters depends on the cluster size. Therefore, it is
possible to explain the threshold at Eth=Eg+Eex in solid Kr and the threshold in Kr clusters
at Efan +E~ as well in the framework of the electronic polaron complex.

Summarizing previous discussion, the comparison between the photo excitation spectra
of solid Kr and Kr clusters supports both possibilities that the threshold originates from
electron-electron scattering as well as from the creation of electronic-polaron complexes.

The energy loss spectra show, how much energy electrons lose during their transit
through the sample. The maximum above the threshold Eg+Eex, discussed before for lumi-
nescence excitation spectra, is observable also in the electron energy-loss spectra of solid Kr
[NGDM75, FS72]. Fig. 4.21 shows two energy-loss spectra for solid Kr [NGDM75] (pri-
mary electron beams with energies 100 eV and 400 eV) and the 'hot' time-window (6.t=0.94



ns, 8t=0 ns) of FE luminescence excitation spectrum for solid Kr (sample 25). The maxi-
mum in the FE excitation spectrum in the region 24 ...25 eV is located nearly at the same
position as the maxima in the energy loss spectra. The value of the maximum given by
Nuttall et al. is 24.0 eV (tabulated value is slightly different from the one in the figure of the
paper [NGDM75]).
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Figure 4.21: Comparison between energy loss data [NGDM75] and the 'hot' time-window
in photoexcitation spectrum oj FE Jor solid Kr (this work). The energy loss spectra were
measured with two different primary beam energies (400 eV and 100 eV) at 10 K (black
solid lines). The 'hot' time-window oj FE excitation spectra (&=0 ns, 6.t=0.94 ns) was
recordedJrom sample 25 (grey area).

Energy loss spectroscopy reveals only primary energy-losses (i.e. one-step processes).
Therefore, above Eth two-step electron-electron scattering processes can not contribute to
signal intensity in the energy-loss spectra. The maximum at 24.0 eV in energy loss spec-
tra can be explained in two ways. One possibility is the creation of two excitations (i.e.

electronic polaron complex) in a one step process. On the other hand, the maximum in
the energy loss spectra may originate from a density of states effect or a variation of quan-
tum mechanical transition matrix elements. Note, e.g., the strong broad maxima at f"V 15 eV
and at '" 17 eV which are due to such effects [NGDM75]. In solid Xe and Ar, analogous
maxima are present above Eth=Eg+Eex in the photoexcitation as well as in the energy loss
spectra [Ste99, GmiOO]. It supports the creation of the electronic polaron complex, because
it seems to be unlike, that a maximum in the density of the states of the conduction band has
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In the following, a comparison between photoexcitation spectra ofthis work and cathodo-
luminescence excitation spectra will be presented. Coletti and Debever measured the inten-
sity of the STE luminescence at 8.25 eV in solid Kr as a function of the kinetic energy of an
external electron beam [CD83]. They used electrons with a kinetic energy from a few eV to
80 eY. The sample used, was a thin layer (a thickness roughly 50 A) condensed at about 8
K.

The time-integrated STE photoexcitation spectrum and the results of Coletti and De-
bever are plotted in Fig. 4.22. In the original work, Coletti and Debever presented the
cathodoluminescence excitation spectra in an energy scale, in which the electron energy
was measured from the bottom of the conduction band [CD83]. Therefore, in Fig. 4.22, the
band gap energy was added to the original curve. Even then, both curves do not have a com-
pletely correct energy scale, since in the case of photoexcitation also holes beside electrons
obtain some kinetic energy (see Eq. 3.27 and 3.28). Electrons can pass through the sample
only, if their energy exceeds the vacuum level energy Eg+EA. EA is the electron affinity
(0.3 eV).

As is demonstrated in Fig. 4.22, the threshold for photoexcitation is about 2 eV lower
than the one in electron excitation. This seems to exclude the possibility, that the threshold
at Eg +Ee:x is caused by electron-electron scattering. Taking into account the dispersion
of the valence band, the threshold for electron-electron scattering in the photoexcitation
spectrum should locate even at higher energy than in the cathodoluminescence excitation
spectrum. Consequently, a comparison between photo excitation and cathodoluminescence
data supports the interpretation of the threshold at Eg +Eex as the creation of electronic-
polaron complex. But the electron-electron scattering contributes definitely to the maximum
above the threshold.

The cathodoluminescence excitation spectrum, as discussed above, has been measured .
for the irregular thin layer. Hence, the cathodoluminescence spectrum, measured for the
sample with 'good' crystal structure can show a slightly different behaviour as data from
[CD83].
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Figure 4.22: The time-integrated photoexcitation spectrum oj STE luminescence (e e e,
present work) and the cathodoluminescence excitation spectrum oj STE luminescence (-
- -) [CD83]. In the STE photoexcitation spectrum, only the part exceeding a constant back-
ground is shown. The STE photoexcitation spectrum was measured from sample 25 (T=6 K,
6.Aexcit=2.2 A, 6.Aluffi = J1 A).

Some conclusions can be drawn from the previous sections.
eThe comparison between the photoexcitation spectra of solid Kr and Kr clusters supports
both possibilities, that the threshold may originate from electron-electron scattering as well
as from the creation of electronic-polaron complexes.
eThe comparison between the photoexcitation spectra and the energy loss spectra of solid Kr
affirms that the threshold is due to the creation of the electronic-polaron complex. However,
it does not exclude additional electron-electron scattering.
eThe comparison of the photoexcitation spectra and the cathodoluminescence excitation
spectra of solid Kr supports the idea, that the threshold is caused by the creation of an
electronic-polaron complex in a one-step process, and that electron-electron scattering con-
tributes above Eth.

Therefore, 'prompt' creation of excitons above Eth is ascribed to a superposition of
both processes. At threshold itself, the creation of electronic polaron complexes is the dom-
inant process, and at higher excitation energies, electron-electron scattering may dominate.
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In the present work, the 'slow' component of experimental FE decay curves, excited
above the forbidden gap, was fitted using the electron-hole recombination model (see section
3.5.1). The fitting procedure is very sensitive regarding the initial carrier density No. This
again depends strongly on the alignment of mirrors in the beamline as well as on the storage
ring current and on the number of bunches. Also the surface quenching plays an important
role, depending on the particular sample. Therefore, the numerical values obtained from
model calculations for one sample cannot be used for other samples. The FE decay curves
of 'good quality' sample 14 (FE/STE intensity ratio 0.84) are used as an example in this
section.

The first step in the fitting process is to fix a set of initial parameters (e.g. C = E~m~/2,
No , rnr). Then, the respective FE decay curve and the difference between the 'slow' com-
ponent of experimental FE decay curve and the calculated curve were computed. The dif-
ference was calculated on the basis of the least square method, using a sum

S - '" (Ii _ Ii )2- L.J exp fit'

i

where Ie~p is the intensity in the j-th channel of the experimental decay curve and I lit is the
corresponding calculated value.

This procedure was repeated using various sets of initial parameters. The decay curve
corresponding to the smallest value of S, was accepted as the best fit. The time-region of .
decay curve, where the 'prompt' component dominates, was excluded from the calculations.

Similar calculations were performed for solid Xe using a one-dimensional fitting
method [Ste99]. It means, that all parameters were fixed, except one which was varied
during the fit. In the present work, a multi-dimensional fitting procedure was used and up
to three parameters were varied during one fit. The multidimensional fit requires more time,
since the number of calculated curves increases essentially.

The quantities C= E~m~/2 and No significantly affect the shape of a decay curve. The
same is true for rnr only, if rnr ~5·107 1/s. At first sight, it seems possible to determine
values for those quantities from the model calculations. But this is not true. The model
calculations of this work verified, that there is no well-defined minimum for S, i.e. one
fixed set of parameters, giving the best fit. On the contrary, several sets of significantly
different parameters can be found, which all provide a similar shape of the decay curve.
Fig. 4.23 shows fitting results for three different values of the parameter C=E~m~/2 (at
fixed rnr=O). The initial carrier density No for every particular coefficient C=0.5 . Cexp,

C=Cexp and C=1,5 . Cexp was found from the fit. Cexp is the experimental value taken from
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literature, but as discussed before, it can be somewhat overestimated (see section 3.5.1).
As Fig. 4.23 clearly demonstrates, a variation of the coefficient C = E~m~/2 by factor
of 3 changes the value for the initial carrier density No 50 times. At the same time, the
change of the calculated FE decay curve shape is rather small. Consequently, in principle
the theoretical model simulates the experimental curves sufficiently well, but especially the
values of C = E~m~/2 and No depend very strongly on each other. Therefore, from the
model calculations is not possible to find 'real' values for all three parameters C = E~m~/2,
No and rnr' In principle, using fitting one can find a good estimate for one quantity, but
only in the case, if two others are well known.
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Figure 4.23: Experimental FE decay curve ('good quality' sample 14 at 6 K, DORIS current
99 ... 93 mA) and the results of model calculations in the case of different coefficients
C = E~m~/2: C = 0.5 . Cexp, C = Cexp and C = 1.5· Cexp. The modified Abakumov's
cross-section [RGK+99] was used, neglecting nonradiative losses. The respective values of
the initial carrier density No obtained from thefits are also given in the figure.

Fig. 4.24 depicts the best possible fits using three different cross sections, i.e. from
three different theoretical approaches (see chapter 3.5.1). No is always determined from
model calculations using fixed values rnr=O and C=Cexp. The cross-section a[RGK+99] for
FE creatio.n (Eq. 3.43) gives the best accordance with experiment. This figure also demon-
strates, that a change of the theoretical approximation for the cross-section causes variation
of the initial carrier density No, found from the fit, by a factor of ",,20. It is important to
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remind that a serious hidden assumption concerns the use of cross-section a[RGK+99], which
is valid for mobile holes and electrons. For RGS, it is generally assumed that holes self-trap
after their creation within pico-seconds. Therefore, the values found on the basis a[RGK+99j

are only approximate. Additional theoretical investigations, concerning the cross-section of
mobile electron and localized hole recombination into FE state are necessary.

(J[RGK+99]

No= 3.6.10+14 (J/m3
)

(J[APY80j

No= 9.7.10+14 (11m3
)

15 20

Time (ns)

Figure 4.24: Experimental FE decay curve ('good quality' sample 14 at 6 K, DORIS current
99 ... 93 mA, Eexcess=780 meV) and the bestfitsfor three different theoretical cross-sections
at fixed rnr=O and C=Cexp. The initial carrier densities No, found from the fitting, are'
shown in the figure as well.

As Fig. 4.24 shows, the value of initial carrier density No, obtained from the fit using
cross-section a[RGK+99j, is rv2000 times smaller than the density estimated for the electron-
hole creation process itself. As discussed in section 3.5.1, the initial excitation volume has
a thickness of the order l/a ~ 10 nm. However, even the mean free path of the created·
electrons can be much longer. Plenkiewicz et al. estimated that the mean free path of
electrons with kinetic energy rv 1 eV in solid Ar is more than 200 nm [P1PP86]. Cartier and
Pfluger [CP88] also estimated rv200 nm (Ar) and rv500 nm (Xe) for electrons with kinetic
energy rv 1 eY. No estimates exist for Kr, however, the value should be somewhere between
the values for Ar and for Xe. As a consequence of the transverse size of the excitation
volume (length, width» 1/ a), the diffusion of carriers can be treated as an one-dimensional·
problem. Under these particular excitation conditions, the carrier diffusion during their



10 15 20
Time (ns)

Figure 4.25: A set of experimental FE decay curves ('good quality' sample 14 at 6K,
,6.).excit=3.5 A, ,6.).lum=8 A, Al grating, DORIS current 99 ... 93 mA, 5-bunch mode) to-
gether with the respective fitting results. An initial carrier density No=3.6·1014 m-3 was
determined from thefit of the curve with the excess energy Eexcess=780 me V All other curves
were calculated without any change in initial parameters. The modified Abakumov 's cross-
section was used [RGK+99] neglecting non-radiative losses.

cooling may account for expansion of the charge cloud into the bulk of the sample, thus
enlarging the excitation volume. The capture of carriers in traps and non-radiative surface
quenching under the conditions of the present experiment play also a role and decrease the
carrier density. Additionally, a significant problem is connected with experimental value
Cexp = E~m~/2, which can be overestimated (see section 3.5.1).

It is important to point out that experimental decay curves (see e.g. Fig. 4.23) demon-
strates a plateau in the time-range from rv2 to rv6 ns. At the same time, this plateau is not
present in the calculated decay curves. The reason is that the theory does not take into ac-
count diffusion of the charge carriers. Namely, a few nanoseconds later the carrier density is
considerable reduced due to the diffusion process. Whereas the model accounts for carrier
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I Unit I Value

Effective electron mass, me mo 0.42

Effective hole mass, mh mo 3.6
Initial carrier density (at Eexcess=780 meV), No 11m3 3.6.1014

C E2 5/2 J2kg5/2 4.83.10-114exp = dme
Longitudinal sound velocity, VI (rn/s) 1370
Crystal temperatur, TL (K) 5.5
Non-radiative losses, rnr 1/s 0*
Density of solid Kr (at 5K), p kg/m3 3092.6

Table 4.7: The values of the parameters, used for the computer simulations of the decay
curves. *If the value of non-radiative losses is smaller than rv5·]07 lis, its influence on the
fitting results can be neglected.

density change caused only by recombination. Therefore, it is obvious that the rising part .
of the theoretical decay curves is most probably underestimated. The relevance of diffusion
processes is also justified by the 'small' value of the carrier density, found as result of the
fitting.

Figure 4.25 shows the experimental FE decay curves as well as the results of the
model calculations at different excitation energies above the band gap. The excess energy
Eexcess=hv - Eg is given for each curve as an energetic parameter. As discussed before'
(section 3.5.1), the electron-hole recombination model is applicable with an excess energy
Eexcess ':::;1.5eY. Therefore, only curves with small excess energy are shown. The initial car-
rier density No=3.6·1014 m-3 was determined from the fit of the upper experimental curve
(Eexcess=780 meV). All other curves were calculated using the same initial carrier density
No, corrected for the initial photon flux and the absorption coefficient at the respective exci-
tation energies as well as for the storage ring current. The values of the parameters used for .
the simulations are collected in table 4.7.

The most important results of the simulations using the electron-hole recombination
model are:

eThe electron-hole recombination model describes quite well the shape of the 'slow'
component of FE decay curve.

eCompared with earlier calculations for solid Xe [RGK+99, Ste99], the values for the
electron effective mass me and the deformation potential Ed, based on the theoretical consid-
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erations, were replaced by an experimentally determined coefficient Cexp = E~m~/2. Such
a substitution is assumed to increase the accuracy of fitting results, even if Cexp includes
some error.

eThe value of the initial carrier density No from the fitting is ",,2000 times smaller than
estimated from the experimental conditions. The following factors playa main role here:
(i) The carrier diffusion can cause a very significant decrease of the carrier density. Namely,
as a consequence of the transverse size of the excitation volume (length, width ~ thick-
ness), the diffusion of carriers can be treated as an one-dimensional problem. The initial
thickness of the excitation volume is ""100 A, but already a few diffusion steps can enlarge
the excitation volume drastically (see p. 117).
(ii) The experimental value ofCexp = E~mZ/2 is probably overestimated (see section 3.5.1).
As demonstrated, its increase by factor of two already causes an underestimation of the
initial carrier density by more than an order of magnitude. New measurements of the low-
field electron mobility at low temperature in ' good quality' samples are necessary to improve
the value of Cexp = E~m~/2.
(iii) It is possible that the cross-section a[RGK+99] includes some inaccuracy. More detailed
theoretical investigations concerning the recombination cross-section are necessary.
(iv) The incident photon flux may be considerably overestimated.

Ionizing radiation has considerable influence on the optical properties of wide-gap
solids. During experiments with solid krypton, irradiation effects were observed as well.
Namely, if the monochromatized synchrotron radiation spot was directed to a 'fresh' posi-
tion of the sample, the 'slow' component of the FE decay curve increased during the first 5
... 15 min of irradiation. 'Fresh' means that the sample surface has never been illuminated
by synchrotron radiation earlier.

This behaviour may be explained in the following way. Concerning recombination,
there exist two possibilities, (i) recombination of free electrons and free holes, and (ii) re-
combination of free electrons and self-trapped holes. It is important to remind that self-
trapping of the holes occurs on a time-scale of a few ps.

As was shown by Kink et al. [KKK+97] electrons can be trapped in RGS as well.
The traps established by Kink et al. in solid Kr are deep traps (with the depths of 43,
60, 69, 82 meV) so that the trapped electrons are lost for recombination. However, there
is a fundamental difference between hole trapping and electron trapping. Self-trapping of
holes is an intrinsic effect, whereas electron trapping is an extrinsic effect, requiring already
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Figure 4.26: FE decay curve (sample 16 at 15 K, tlAexcit=2.6 A, tlAlum=7 A) excited by
21.0 eV photons.

present impurities (like oxygen) or structural defects. Therefore, after a certain dose of
illumination, the extrinsic trapping sites may be saturated. That means, after saturation,
more mobile electrons are present for recombination than in a 'fresh' sample. Moreover, the
(self-trapped) holes corresponding to the trapped electrons, are still ready to recombine with
mobile electrons.

Although traps playa distinct role in the decay kinetics of luminescence, those decays "
are not trap controlled in the usual sense, where the shape of the decay curve arise"sfrom the
probability of electron escape from the trap. The electron probability to escape from a trap
is given by

1 ( Etr
)p(T) = - = s . exp -- ,

T kBT
where s is the frequency factor of the order of a phonon frequency, T is the characteristic "
time for electron release, and Etr is the energetic depth of the trap. A rough value for the
frequency factor in solid Kr is s rv 1012 lis [KV76]. Assuming that the 'slow' component of
FE decay curves is caused by traps, then a typical T for such traps should be roughly T rv5
ns at 5 K. A typical depth of such trap should be Etr rv 4 meV (from Eq. 4.4). An increase
of sample temperature from T1 to T2 then would increase the probability for electrons to be
released from the traps,
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.
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Assuming T1 =5 K and T2= 15 K, then the probability for electron release would increase by
a factor of ,,-,300. It means also that the characteristic T should decrease 300 times and the
'slow' component of the FE decay should disappear. Fig. 4.26 shows the 'slow' component
of the FE decay curve at 15 K. This curve has the same behaviour as the FE decay curves
at 5 K. It means that the 'slow' component of FE cannot arise from the recombination of
electrons released from the trap.

Therefore, the formation of 'slow' component of FE decay curve very likely takes
place as described in sections 3.5.1 and 4.9, although the amount of holes is most probably
larger than the amount of the mobile electrons. Nevertheless, the different initial densities
of electrons and holes are not taken into account in the present work, since this needs better
knowledge of the respective parameters.

Depending on the selected photon energy and irradiation dose another effect is ob-
servable. After irradiation of the sample with the white-beam (i.e. synchrotron radiation
in the zeroth order of primary monochromator), intensity of both ('prompt' and 'slow')
components of FE decay curve decreases (Fig. 4.27). Such a strong irradiation influences
essentially the crystal structure of the sample. A significant increase of the amount of the
defects causes an enhancement of the probability of FE trapping at perturbed sites, while the
probability for the radiative decay of FE does not change. As a result, the total intensity of
the FE emission decreases (see section 3.4.1). However, such an interpretation is tentative
and additional investigations are needed.
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Figure 4.27: Irradiation effects on the shape of FE decay curve under irradiation by the
'white beam' (i.e. with zero order of primary monochromator). On top: FE decay curve,
excited below the forbidden gap. Bottom: FE decay curve, excited above the forbidden gap.
Intensities of the curves are shown as measured in order to demonstrate the decrease of the
total intensity of FE emission.
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Chapter 5

Summary

Kr crystals exhibit simultaneously strong broad-band self-trapped exciton (STE) lumi- .
nescence as well as considerable narrow-band luminescence of free excitons (FE) in VUV
region. The main purpose of the present work was an investigation of the different exciton
creation processes in the case of photoexcitation, where the photon energy is exceeding the
band gap energy. Both, narrow-band luminescence from the lowest FE state and the singlet
e~~) component of the STE emission were used as probes.

For the first time, the time-resolved excitation spectra of FE luminescence in solid'
Kr were measured using photo excitation up to '"'-'35 eY. Also the FE luminescence decay
curves were systematically investigated in the energy range up to '"'-'35 eV in this work.
Such measurements were possible due to the intense FE emission, connected with very
good 'quality' of the samples and using Kr gas with very high purity. Series of samples
were grown and investigated demonstrating a good reproducibility of the main experimental
results.

Delayed creation of excitons via electron-hole recombination and 'prompt' (in the
meaning of the time-resolution of experimental set-up) creation of excitons were clearly
separated using the time-resolved experimental technique. If the exciting photon energy is
smaller than the band gap, hl/<Eg (Eg= 11.59 eV), direct optical creation of excitons occurs.
After their creation, excitons relax 'promptly' to the lowest FE state and then emit the FE
emission or become self-trapped. Using primary excitation energy exceeding the forbidden'
gap energy (hl/>Eg), i.e. creating electron-hole pairs, the FE decay curve exhibits besides
the 'prompt' component (maximum is conforming with the excitation pulse) also a 'slow'
component with an additional delayed maximum.

A detailed model for the dynamics of electron-hole recombination into the FE state was
developed. This model includes (i) thermalization via scattering on acoustic phonons and
(ii) recombination cross-section which depends on the actual carrier temperatures. In ear-



5. Summary

lier calculations for solid Xe [RGK+99], the values for the electron effective mass me and
the deformation potential Ed were based on theoretical considerations. But in this work,
these values were derived from the experimental value of the low-field electron mobility
[MHS68]. This permitted to reduce the number of fitting parameters. The delayed compo-
nent of FE decay curves was reproduced with model calculations for excess energies up to
rv 1.5 eV. A reasonable agreement between experiment and theory was found.

In time-resolved excitation spectra, it was experimentally shown that beside the exci-
tonic region 'prompt' creation of FE takes place in the region above the threshold
hv = Eth ::::::21.7 eV. Also the shape of the decay curves changes significantly above this
threshold. The experimental threshold value is nearly equal to the sum of the band ga,p en-
ergy and the free exciton energy (Eth=Eg+Eex). 'Prompt' creation ofexcitons above Eth is
ascribed to a superposition of two processes: (i) inelastic scattering of the electrons in the
framework of the multiple-parabolic-branch band model (two-step process) and (ii) creation
of the electronic polaron complex (one-step process). At threshold itself, the creation of
the electronic polaron complex is the dominant process, and at higher excitation energies,
electron-electron scattering may prevail. In particular, a comparison of experimental data
of the present work and cathodoluminescence data of Coletti and Debever [CD83] supports
such a conclusion.

In general, K.rgas contains a Xe impurity, causing the appearance of the Xe-connected
emission bands. Some of them overlap with the STE luminescence band ofK.r, complicating
significantly luminescence analysis. In this work, due to the practically Xe-free K.r gas, the
'pure' STE luminescence band of solid K.rwas observed for the first time.

Also, time-resolved excitation spectra of STE luminescence of 'good quality' Xe-free
samples were measured for the first time. The smooth behaviour of the FE/STE ratio spectra
above the band gap strongly supports the idea that the STE originating from electron-hole re-
combination has FE states as precursors. In other words, recombination leads to the creation
of free excitons which then either decay radiatively or get localized into the STE state.

The influence of the sample 'quality' on the shape and on the location of the STE
band was observed directly using 'good quality' (homogeneous sample with relatively big
crystallites and small amount of as grown defects) and 'snow-like' (sample consisting of
tiny crystallites and looking like snow in visual observation) Xe-free samples. It was clearly
demonstrated that the defects in the crystal induce a red shift of the STE luminescence band.
This behaviour is known for other RGS as well.

Besides luminescence measurements, new high-resolution reflection measurements were
performed in the present work. Due to the good 'quality' of the samples and excellent vac-
uum conditions, especially important for the reflection measurements, a new member of the



exciton series (n=5) was revealed. On the basis of high-resolution reflection measurements,
more accurate values of several parameters concerning excitons in solid Kr (reduced mass
of the exciton, binding energy of exciton etc.) were determined.

Additionally, a decomposition of the luminescence bands of Xe-doped solid Kr into
three different sub-bands is shown in appendix A. For the first time, the time-resolved exci-
tation spectra of the Xe impurity luminescence peaked at '"'-'9.7 eV and decay kinetics of the
same emission were investigated.
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Appendix A

Xenon-doped krypton

The investigation ofXe-doped solid Kr was not the main purpose of the present work,
but a comparison was made to reveal Xe impurity connected effects and to distinguish from .
those due to the intrinsic luminescence of pure solid Kr. Such data are also interesting
for luminescence spectroscopy and therefore, experimental results are presented here, but
without any profound analysis. All results presented in this appendix were measured for the
sample 31 (",,30 ppm Xe). Accordingly, the following discussion is based on self-consistent
data.

As it was mentioned before, solid Kr has not been as popular as solid Xe concerning the .
investigation of intrinsic luminescence phenomena. One of the reasons is the fact that a Xe
impurity, which is always present in 'nominally pure' Kr gas, complicates the investigation
of the intrinsic luminescence of solid Kr. On the other hand, several studies have been
performed dealing with luminescence of Xe-doped Kr in the solid and in the liquid phase
[LGM+89, BKP+86, KG91, Laa92, Var94, CRJ73]. More is known about the (XeKr)*
excimer centre in a Kr matrix, but the luminescence connected with the atomic Xe centre in .
Kr is less well studied.

The STE emission band of 'good quality' solid Kr samples with the highest purity
available has a gaussian-like line shape, and the deviations from this shape are due to the
site effects and luminescence arising from the different vibrational levels (see section 4.3).
On the contrary, the luminescence band of Xe-doped samples shows a strongly asymmetric
shape in the same region (see Fig. 4.1). This happens, since besides the STE of krypton, .
(XeKr)* and Xe2 centres, as well as atomic centres of the Xe impurity contribute to the
broad luminescence band. The Xe-connected bands strongly overlap with the intrinsic STE
luminescence band of Kr. A collection of literature data about Xe-related emission bands
near the STE band in solid Kr is shown in table A.l.

The emission of the (XeKr)* centre was identified by Nowak and Fricke, who bom-
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Band Reference Position FWHM Excitation
.. (eV) (meV)ongm

(XeKr) * [NF85] 7.95 280 Xeep2)t
[Laa92] 7.92 370 hv=9.79 eV
[KG9l] 7.98 440 hv=9.0 eV

(XeKr)* [Laa92] 8.33 380 hv=9.95 eV
[Var94] 8.37 420 hv=lO.OS eV

XeepI) [Var94] 8.S8ttt 89ttt hv=lO.OS eV
[Laa92] 8.46+ SS+ hv=8.99 eV

XeePd [Var94] 8.67ttt 92ttt hv=lO.OS eV
[Laa92] 8.68 100tt hv=8.99 eV

Table A.l: A collection of experimental data for the Xe-connected luminescence bands
in solid Kr. Data of different luminescence bands are separated with double lines.
tBombardment with excited Xe atoms. tt The width of this band depends strongly on ex-
citation energy. ttt Results of a deconvolution. + Very weak band.

barded solid krypton with Xe atoms ih the metastable 3P2 state [NF85]. They found that due
t9 the (XeKr)* centre an emission band arises with a maximum at 7.95 eV and a FWHM
280 meV Laasch studied the luminescence of Xe-doped Kr at different exciting photon en-
ergies below the FE energy in solid Kr [Laa92] and obtained similar results (see table A.l).
However, in the same work it was shown, that photoexcitation with 9.95 eV photons leads
to the appearance ofa new strong band at 8.33 eV The same band was observed by Yarding
as well (see table A.1). Laasch classified this band as the STE luminescence of solid Kr,
whereas Yarding assigned it to the (XeKr)* centre. Taking into account the results of the
present work, the latter interpretation seems to be more realistic.

A comparison between the luminescence spectra of Xe-doped and nominally pure Kr
samples demonstrates clearly that additional Xe-connected sub-band(s) exist(s) also in the
region 8.S .... 8.8 eV (see Fig. 4.1). However, the literature data about this region are rather
poor. Only in the case of excitation below excitonic region ofKr, Laasch [Laa92] was able to
separate a luminescence band with the maximum at 8.68 eV and a very weak band peaking
at 8.46 eV In that work these bands were interpreted as luminescence of the Xe 3P1 centre
at two different lattice sites [Laa92].

Fig. A.I shows the broad-band luminescence of Xe-doped solid Kr and its separation
into different sub-bands. In the present work, only three gaussians were used for the decom-
position, corresponding to the Kr STE band (maximum at 8.S8 eV, FWHM 300 meV), to the
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Figure A.I: Luminescence spectrum of Xe-doped (,...,30ppm) solid Kr at 6 K (e e e, sample
31). A decomposition into three gaussians and a sum of these gaussians are also shown
(solid lines). Luminescence was excited by 10.42 eV photons (6Aexc=3.3 A) and measured
with the high-flux VUV-1 monochromator (resolution 6Azum=12 A).

(XeKr)* excimer band (maximum at 8.37 eV, FWHM 550 meV) and to the luminescence
originating from the Xe 3P1 state (maximum at 8.68 eV, FWHM 100 meV), respectively.
This decomposition is not a fit in the usual sense, since all the energetic positions of the
Xe-connected sub-bands were taken from earlier studies [Laa92, Var94]. The parameters
of the Kr STE luminescence band were taken from the results of the present work (see ta-
ble 4.1). The widths of the sub-bands were varied, starting from the values given in table
A.I. The widths were reproduced quite well with one exception, namely the width of the
(XeKr)* excimer. The relative intensities were the only completely free parameters. As a re-
sult, the sum of the three sub-bands coincides satisfactory with the experimentally observed
luminescence band.

The decomposition shown in Fig. A.I, is different from that of by Yarding [Var94]. In
the region 8.5 .... 8.8 eV, Yarding used not one, but two gaussians with comparable intensi-
ties and maxima located at 8.58 eV and 8.67 eV, respectively (see table A.1). An inclusion
of the additional band peaking at 8.58 eV was based on the fact that Laasch [Laa92] ob-
served an extremely weak band at 8.46 eY. Therefore, the author of the present work has
the opinion, that using two gaussians with comparable intensities, but different positions of
maxima representing the Xe 3P1 luminescence in Kr matrix is not justified. Of course, it
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Figure A.2: Decay curves of the Kr FE luminescence band (10.14 eV) as well as of the
Xe-connected band (9.7 eV) in aXe-doped (",30 ppm) solid Kr sample at various excitation
energies (sample 31, T=5 K, LlAexc=3.3 A, LlAlum=12.5 A). The excitation energies are
shown in the figure. Time t=O corresponds to the maximum signal intensity of the excitation
pulse.

gives a better fit in the 'mathematical sense'.

Additionally, the luminescence spectrum shows a strong Xe-connected band with its
maximum at ",9.7 eV. A detailed high-resolution investigation showed [Var94] that it consist
ofa 'strong' sub-band (maximum at 9.70 eV) and a 'weak' sub-band (maximum at 9.66 eV).
The band at 9.70 eV is probably connected with the Xe IP1state [Var94], whereas the origin
of the band at 9.66 eV remains unknown.

Fig. A.2 shows the decay curves of the Kr FE luminescence and of the Xe IP1 band at
"'9.7 eV at different exciting photon energies. It seems reasonable that the excitation of the
Xe band at ",9.7 eV occurs mainly via energy transfer by FE ofKr to the impurity. This is in
good agreement with luminescence experiments. Namely, if the Xe-Iuminescence band at
",9.7 eV is observable in luminescence, then the intensity of the Kr FE luminescence band
is extremely weak or even absent. The time-behaviour of rv9.7 eV luminescence band is
probably governed by the time-behaviour of FE band and by the lifetime of Xe-centre.
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Figure A.3: Time-integrated and time-resolved excitation spectra oj the Xe impurity
(",30 ppm) luminescence at "'9.7 eV in a Kr matrix (sample 31, T=5 K, ~).,exc=3.3 A,
~).,lum=12.5 A). The reflection spectrum is also shown. The sharp peaks at ",19 eV, pro-
nounced in the 'hot' time-window and integral spectra, are caused by the second order oj the .
secondary monochromator. The parameters oj the time-windows are denoted in the figure.
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Fig. A.3 depicts the time-resolved excitation spectra of the emission band at rv9.7
eV together with a reflection spectrum. The spectra are very similar to the analogous FE
excitation spectra in pure solid Kr (see Fig. 4.12) with an exception in the rv9.7 eV spectrum
taken with a 'long' time-window. Namely, a significant step-like increase of the intensity
takes place at rv I0.9 eV, but not at the band gap energy of solid Kr (Eg= 11.59 eV) as in the
'long' time-window of FE in a pure Kr sample. Also the decay curves demonstrate the same
effect: the 'slow' component of the Xe-emission shows up in the case of excitation below
Kr band gap (see curves with the excitation energy 11.48 eV in Fig. A.2).

It seems reasonable to assign the delayed component of Xe-band to the creation of
conduction-band electrons, as in the case of the delayed component of Kr FE lumines-
cence. However, on the basis of photoemission data it is known that the energetic difference
between the highest 5p j=3/2 state of Xe impurity atom in Kr matrix and the bottom of
conduction band is only 10.1 eV [SKJ85].

A significant step-like increase of the intensity in the 'long' time-window takes place
roughly at energy of the n'= 1 exciton of solid Kr. Therefore, it is probable that Xe centers
are not excited directly but via energy transfer by n'=1 excitons. However, this is only the
first hypothesis, which has to be confirmed with further experiments.

As mentioned before, the investigation of luminescence of Xe-doped Kr was not the
main purpose of the present thesis. However, the author hopes that the data presented in this
appendix about luminescence ofXe-doped Kr are a good starting point for further systematic
investigations.



Appendix B

Analytical solution for electron
temperature

This appendix shows, how an analytical solution for the effective electron temperature
as a function of time, Te(t), was found. The averaged energy loss rate per electron (hole) in
the case of Maxwellian distribution and effective temperature Te (Th) is given by

(
dEe'h) = _8y'2E~m~:;(k T )3/2 (Te'h - TL)

dt 3/2fi4 B e,h T
ac 7f P e,h

The relation between the electron energy, Ee(t), and the effective electron temperature,
Te(t), is

2
Te(t) = -k Ee(t).

3 B

After replacing the energy Ee (t) in equation B.l by the electron temperature, the differential
equation has the form

dTe(t) = _ 16y'2E~m~/2.jk; IT (T _ T )
dt 37f3/2fi4p V l.e e L·

Substituting all constants by A, this equation reads

(Te dTe(t) = -A (ot dt,
iTo ~(Te - Td in
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where Tois the initial electron temperature at time t = 0 and Te is the electron temperature
at time t. The integral has the analytical solution [Rad97]

_I_In (VTe - VT;,)Te = -At
VT;, VTe + VT;, To .

_1_ In (VTe - VT;,) __ 1_ In (~ - VT;,) = -At (B.7)VT;, VTe + VT;, VT;, ~ + VT;, .
After some simple modifications, it is possible to find the direct expression for the electron
temperature:

In (VTe - VT;,) = -At~ + In (~ - VT;,)
VTe+VT;, . ~+VT;,'

vr; - ~ = (vr;+~) exp (-At~+ln (~: ~)),

(
;r;;- (~ - VT;,))

1+ exp - Aty TL + In fFil ;r;;-vr;=~ yTo+yTL .

(
;r;;- (~ - VT;,))

1- exp -AtyTL + In ~ + VT;,

Therefore, the analytical solution for the electron temperature in the framework of the used
model is

2

(
;r;;- 1 (~ - VT;,))

1 +exp -AtyTL +yT; In yT; +VT;,

(
;r;;- 1 (yT; - VT;,))

1-exp -AtyTL + yT; In yT; + VT;,
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