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Chapterr 1 

Introduction n 

SemiconductorSemiconductor materials are now inherently present in today's society. Examples 

ofof applications of these materials can be found everywhere: at home, at work, 

oror even for recreation. Since the invention of the first transistor, by the end of 

thethe decade of 1940's, the electronics (control of electron flow) has invaded our 

dailydaily life. This technology, currently based on the silicon semiconductor material, 

hashas been steadily developing reaching still higher degrees of complexity, integration 

andand miniaturization. However, it is believed that over a decade from now, it will 

approachapproach the fundamental limit, as electrical insulation of the gate oxide will  break 

downdown when its thickness becomes less than 0.1 nm. In this case, it would not be 

possiblepossible to further reduce the size of transistors and, consequently, it could not 

bebe possible to increase the density of individual components integrated in a single 

chip.chip. An attractive alternative, which might allow one to surpass this limitation, is 

toto use photons (photonics) rather than electrons as information carriers. Erbium-

dopeddoped crystalline and nanocrystalline silicon, as discussed in this thesis, is one of 

thethe several approaches currently being explored towards silicon photonics. 

1.11 Semiconductors: Silicon 

Siliconn (Si) is one of the most abundant and environmentally-friendly elements 

onn earth. It is found in sand, which is quartz based, and is easy and relatively 

cheapp to obtain in crystalline form. In the periodic table, silicon is found in the 

samee column as carbon and germanium: group IV . The unique electronic structure 

off  these elements, with four electrons in the outer orbitals, allows them to form 

covalentt crystals where each electron is shared by two neighboring atoms. This is 

schematicallyy depicted as two-dimensional image in Fig. 1.1(a). In particular, Si 

1 1 
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Figuree 1.1: (a) Schematic two-dimensional representation of a silicon lattice. Each 

SiSi atom forms covalent bonds with the neighbor atoms, (b) Representation of the 

energyenergy gap (EG) in a semiconductor. At T = 0 K. the valence band is filled with 

electronselectrons and the conduction band is empty, (c) Difference between a direct and 

anan indirect semiconductor. In a direct semiconductor, radiative recombination 

ofof an electron at the bottom of the conduction band and a hole at the top of the 

valencevalence band is allowed. In an indirect semiconductor, radiative transitions are less 

probableprobable because they involve participation of a third particle (phonon) in order to 

compensatecompensate the momentum difference. 

atomss wil l bond with each other at tetrahedral angles forming a regular crystal of 
diamondd structure [1]. 

AA silicon crystal when observed by naked eye. has a shiny appearance cha-

racteristicc for metals, but is not a conductor and has electronic properties of a 

semiconductor.. A metal is characterized by a high concentration of free electrons 

resultingg in good electrical conductivity. In order to understand the properties of 

aa semiconductor we must take a look at the energy band structure of a crystal. 

Thee energy band structure of a crystalline solid (E = / ( k) relationship) can be 

obtainedd by solving the Schródinger equation in the one-electron approximation 
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[2]: : 

[ A v 22 + V ( r ) ] ^ ( r ) = i ^ f e ( r ) , (1.1) 
2m m 

wheree m is the electron mass, k the electron wave-vector, and V(r) the potential 

off  the crystal According to the Bloch theorem, if the potential V(r ) is periodic 

(periodicityy of the real lattice structure), the solution of Eq. (1.1) wil l be given by 

thee electron wave-function: 

^ ( r )) = el* rC/n(k,r), (1.2) 

wheree £/n(k, r) has the periodicity of the real lattice. In that case, one can show 

thatt the energy Ek is periodic in the reciprocal lattice ("k"-space), which is 

uniquelyy linked to the lattice structure of the crystal. Because of this periodi-

city,, we can reduce the relation E(k) of the band structure only to the primitive 

celll  of the reciprocal lattice (the Brillouin zone). For all materials, there appear 

forbiddenn energy regions where no states are allowed, the band gaps (EG). For 

ann insulator the band gap separates the highest completely filled (valence) band 

fromm the next completely unoccupied at T = 0 K (conduction) band, schematically 

depictedd in Fig. 1.1(b). Upon increase of temperature, carriers from the valence 

bandd can be thermally activated into the conduction band. The difference between 

aa semiconductor and an insulator relies on the value of EG, which allows for ther-

mall  generation of free carriers. In a semiconductor typical values are EG < 1 eV, 

whilee for a true insulator EG > 6 eV. This means that even at high temperatures 

inn an insulator, the probability to obtain free carriers in the conduction band is 

veryy low. In silicon, EG varies from ~ 1.17 eV at 4.2 K to ~ 1.12 eV at room 

temperature. . 

Inn an ideal semiconductor, where no defects or impurities are present (intrinsic 

semiconductor),, light cannot be absorbed when photon energies are smaller than 

EEGG;;  thus the material is transparent to these photons. Photons with energies 

higherr than EG, can be absorbed and generate free electrons in the conduction 

bandd and free holes in the valence band. The role of doping in a semiconductor is 

off  extreme importance for many applications, as impurities dramatically change 

materiall  properties (electrical and optical). Without doubt, this particular possi-

bilit yy to tailor at wil l the properties of semiconductors by doping is responsible for 

thee great societal relevance of these materials. 
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1.1.11 General features of silicon 

Whenn a silicon crystal is exposed to laser light with A < 1 ^m, free electrons 

andd holes are created. In order to re-establish the equilibrium, recombination 

off  free electrons and holes must take place. The recombination process can be 

radiativee or non-radiative. In radiative or optical transitions (characterized by 

AA A; = 0 ). carriers recombine and photons are being emitted. The process of light 

emissionn can be stimulated or spontaneous, but in this thesis we wil l refer only 

too spontaneous emission. In non-radiative transitions, the energy is dissipated in 

thee form of phonons (lattice vibrations) [1] or as kinetic energy of carriers (Auger 

process)) [3]. 

Crystallinee silicon has an indirect energy band gap. This means that a free elec-

tronn at the bottom of the conduction band and a free hole at the top of the valence 

bandd have different wave-vectors k and, consequently, their direct recombination 

iss very improbable. In order to increase the recombination probability, participa-

tionn of a lattice phonon is necessary [4, 5]. A comparison between a transition 

off  an electron at the bottom of the conduction band and a hole at the top of the 

valencee band in a direct and indirect semiconductor is presented in the Fig. 1.1(c). 

Inn crystalline Si, a phonon is being created in order to allow for momentum con-

servation.. Due to the charge difference between an electron and a hole, a Coulomb 

interactionn appears among both carriers. If kBT is less than the attractive poten-

tiall  between the two particles [Eunding]- the free electron and free hole wil l bind 

togetherr in a pseudo-particle called exciton [1]. In silicon, the value of the exciton 

bindingg energy, Ending is around 14 meV [6]. Free excitons can move in the crys-

tall  and transport energy (but not charge due to the fact they are neutral). Free 

excitonss can recombine radiatively with different recombination energies: weak no-

phononn lines at EG - Eblnding, and phonon replica lines involving different phonon 

branches,, like transversal acoustic (TA) phonon at EQ - Ebinding - n x ETA, or 

transversall  optical (TO) phonon replica at EG - E^^g ~ n x ETO for example. 

Heree n is an integer, ETA and ETO are the energy of the respective phonons at 

thee specific k value (position in "k"-space of the electron at the bottom of the 

conductionn band), which corresponds for Si to ETA = 18 meV and ETO = 58 meV 

[6]. . 

Upp to now, we have discussed the intrinsic luminescence properties of Si. By 

introducingg certain impurities, several extrinsic luminescence mechanisms appear. 
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1.1.22 Doping in silicon 

Ann extrinsic semiconductor is formed by adding impurity atoms to the crystal 
(doping).. Since silicon belongs to group IV of the periodic table, it has four 
valencee electrons. Elements that belong to group V: N, As, P, Sb, have five valence 
electrons.. Such an atom can be incorporated in the structure of the Si crystal 
(substitutingg for a Si atom). As only four electrons can take part in the bonding, it 
leavess one electron unbonded. Dopants that add electrons to the crystal are known 
ass donors (they donate electrons) and the donor-doped Si material is said to be 
n-type.. Atoms like B, Al, In, Ga have three electrons in the outer orbitals as they 
belongg to group III . When these atoms are incorporated into the Si crystal they 
havee an insufficient number of electrons to share bonds with the surrounding silicon 
atoms;; in that way the dopant atoms contribute holes to the crystal. Dopants that 
createe holes in this manner are known as acceptors (they accept electrons or donate 
holes).. This type of extrinsic Si is known as p-type as it possesses positive charge 
carrierss due to deficiency of electrons. 

Itt is important to make a distinction between "charged"defects, i.e: donors 
andd acceptor, and neutral (also called isoelectronic) defects. The first category, is 
onee of the best understood point defects in a semiconductor [7]. It includes single 
donorss (for example, substitutional P) and acceptors (for example, substitutional 
B).. Shallow donors are well described by a hydrogen-like system, where an electron 
orbitss around a positive charge of a donor core (the impurity has a net positive 
coree charge) in a long-range Coulomb potential [8]. Similarly, shallow acceptors 
wil ll  have negative net charge around the defect core. On the other hand, in 
ann isoelectronic center, there is no net charge in the defect or bonding region. 
However,, the neutral dopant might have core polarization, which will result in 
aa local potential that could bind an electron (or a hole, depending on the core 
polarization).. Once the primary particle is bound, the carrier of the opposite 
charge,, hole (or electron) will be localized in its Coulomb potential . 

Inn general, all kinds of impurities create energy levels situated within the band 
gapp of silicon. Formation of these levels is important and gives rise to the multimil-
lionn dollar electronics industry. However, due to the low radiative recombination 
probability,, silicon is not a good light emitter. Sometimes impurities can act as re-
combinationn centers and enhance the luminescence properties of crystalline silicon, 
soo a lot of research effort is devoted to such phenomenon of "optica!" doping. 
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Figuree 1.2: Different recombination centers in a semiconductor, (i) Bound exciton 

(BE)(BE) at a donor center, (it) Donor-acceptor pair (DAP) recombination, where 

EEDD and E A are the ionization energies of the donor and the acceptor, respectively. 

(in)(in) Luminescence from a transition metal (TM)-acceptor pair recombination. The 

TMTM ground state coincides with the deep center recombination level in the band 

gap.gap. The ionization energy of the excited state. (TM)*. to the conduction band 

correspondscorresponds to E*. See text for more information. 

R e c o m b i n a t i onn cen te rs 

Thee most common recombination centers in extrinsic semiconductors are depicted 

inn Fig. 1.2. They are: 

(i)) Bound exciton at a donor (or an acceptor) impurity 

Afterr optical excitation by laser light, an exciton can be trapped at the donor 

impurityy by the Coulomb potential. This means that we have a three-particle 

systemm (two electrons and a hole). When the exciton is localized at the impurity 

(boundd exciton, BE), the breakdown of the wave-vector conservation rule occurs, 

soo the electron and the hole from the exciton increases the probability to recombine 

withoutt a phonon being involved in the process. However, when the localization 

att the donor increases, there is a probability that the recombination energy wil l be 
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transferredd to the other electron in an Auger non-radiative process (not depicted 
inn Fig. 1.2). 

Itt may occur that an exciton is trapped at an isoelectronic center - similar 
ass in Fig.l.2(i) but without the extra electron. The main difference between an 
isoelectronicc center and the previously discussed donor defect is that in this case 
onlyy a two particle process occurs, which is recombination of an electron and hole 
boundd at the isoelectronic center. The isoelectronic center has better luminescence 
propertiess because Auger processes are not present and so the lifetime is larger (up 
too hundreds of microseconds) in comparison to a BE at charged donors/acceptors. 

(ii)) Donor-Acceptor Pair (DAP) recombination of shallow traps 

Thiss is the transition of an electron in the ground state of a donor (at an energy 
EDED below the conduction band) to a hole in the ground state of an acceptor (at 
ann energy EA above the valence band). The energy of the photon emitted in this 
transitionn is EDAP ~ EQ — ED — EA, where ED is the ionization energy of the 
electronn from the donor state to the bottom of the conduction band, and E A is 
thee ionization energy of the hole from the acceptor state to the top of the valence 
band.. The observation of sharp DAP lines in the emission spectrum has allowed, 
inn some materials, for the determination of the ED and/or EA responsible of the 
recombinationn centers [9]. This kind of recombination, depicted in Fig. 1.2(ii), in 
principlee does not take place in silicon due to its indirect band gap. 

(iii )) Deep levels formed by open shell transitions metals 

Deepp levels can act as very efficient recombination centers. The electronic struc-
turee is affected by a short range rather than the long range Coulomb potential 
characteristicc for shallow impurities. Luminescence from a transition metal (TM)-
acceptorr pair has been reported and it has been explained by optical transitions 
fromm the excited state to the deep ground state of the TM [4], as depicted in 
Fig.. 1.2(iii). This excitation mechanism resembles the DAP transition but the 
luminescencee emission is completely different. The deep donor is the TM impu-
rityy and instead of a photon being emitted from the recombination of an electron 
(att the donor) with a hole (at the acceptor), the TM is excited (non-radiatively 
byy an Auger process). When the TM deexcites, luminescence is emitted. In this 
case,, we can measure optically the position of the deep state as EG — E* — hu, 
wheree E* is the ionization energy of the excited state which can be determined 
fromm the temperature-induced luminescence intensity quenching. In particular, 
thee level position of the deep state can be compared with a value measured by 
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electricall  methods (i.e.: Deep Level Transient Spectroscopy. DLTS). However, in 

principle,, the values determined in these two ways do not always agree, because 

nott all electrical levels are optically active. Rare earth elements form a particular 

casee of dopants, which we wil l discuss in detail. 

1.22 Optical dopants: Rare earth atoms 

Raree Earth (RE) atoms are used to enhance the optical properties of semiconduc-

tors.. The RE elements belonging to the lanthanide series, from Cerium {atomic 

numberr 58) to Ytterbium (atomic number 70), are important for different pho-

tonicc applications ranging from a variety of solid state lasers to full color display 

devicess [10]. Ion implantation is a widespread technique to introduce these RE 

atomss into the semiconductor in non-equilibrium concentrations. Attempts in the 

pastt by some groups to introduce the RE atoms by diffusion were unsuccessful. 

Onee of the reasons to use non-equilibrium techniques is that a large concentra-

tionn of RE atoms in the crystals, around 1019 c m- 3 is required for efficient light 

generation.. Since ion implantation generates a lot of damage in the crystal, an-

nealingg treatment is commonly done in order to remove this damage and activate 

opticallyy the RE ions. Also other techniques, like molecular beam epitaxy (MBE), 

plasma-enhancedd chemical vapor deposition (PE-CVD), and metal organic chemi-

call  vapor deposition (MO-CVD) are used for doping with RE's. The principal 

differencee with ion implantation is that RE ions are introduced while growing the 

sample,, which gives more control of the deposition and produces less damage. On 

thee other hand ion implantation is easier. 

AA common feature of all RE atoms is the electronic configuration, [Xe]4P+16s2 

wheree n varies from 1 (Ce) to 13 (Yb). In some of the RE atoms we may find a 5d 

electronn as well. When RE atoms are incorporated in the solid, they tend to form 

trivalentt ions (RE3 +) [11]. As a consequence, the electron configuration changes to 

[Xe]4P\\ Due to the fact that all RE ions have a partially filled inner 4/-electron 

shell,, which is completely surrounded by outer 5s2 and 6p2 electron shells, the 

RE3 ++ energy levels are almost independent of the host material. Optical transi-

tionss within these energy levels are characterized by a temperature stable emission 

wavelengthh independent in the host material and a narrow/sharp spectral width. 

Thee emission wavelength changes depending on the RE atom, but all the RE ions 

takenn together cover the electromagnetic spectrum from the visible to the infrared. 

Unfortunately,, the thermal stability of the luminescence intensity depends strongly 

onn the host, indicating the importance of energy transfers between the excited RE 
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ionn and the host matrix. In particular, RE-doped semiconductors are a matter of 

intensee investigation at the Van der Waals-Zeeman Institute [12, 13, 14] 

1.2.11 Er3+ ion: Excitation 

Thee erbium ion, Er3 +, has the electronic configuration [Xe]4fn. The electronic 

structuree is dominated by electron-electron and spin-orbit interactions within the 

4/-electronn shell resulting in J-multiplets with 4ii5/2, 4^i3/2> 4Ai/2v-as the ground 

state,, first excited state, second excited state,...respectively, see Fig. 1.3(a). Al-

thoughh inner 4/-electron shell transitions of a free ion are parity forbidden, they 

becomee allowed upon the breaking of the inversion symmetry by the crystal field 

[15].. When Er3+ ions are embedded in an insulator, like SiC>2, the only way to 

excitee them is optically. This is done by pumping resonantly with a laser beam 

directlyy to one of the excited states [16], see Fig. 1.3(a). Consequently the commer-

ciallyy available erbium doped fiber amplifiers or optical generators are expensive, 

becausee they need to be pumped with a high power tunable laser due to the small 

crosss section of Er3+ for direct absorption. In the last quarter of the year 2002, 

thee possibility to electrically excite Er3+ ions in SiC>2 thin films was reported by a 

commerciall  company. In this case it is not necessary to use resonant energies and 

thee excitation is carried out by electron impact [17]. Excitation efficiencies in light 

emittingg diodes (LED's) are claimed to be similar to those in III- V semiconductors 

(aroundd 10 %). However, at the time when this thesis is being written, the results 

off  these findings and the robustness of the devices are still under debate. 

1.33 Towards Er-doped Si photonics 

Inn the telecommunication sector, there is a particular interest for wavelengths 

aroundd A ^ 1.5 /im. This wavelength corresponds to the region where the ab-

sorptionn of the silica-based optical fibers used in telecommunication lines has a 

minimum.. This characteristic wavelength coincides with the optical transition 

fromm the first excited state (4/i3/2) to the ground state (4/is/2) of an Er3+ ion. 

Nowadays,, if we think of electronics and chips we think of silicon. The un-

surpassedd level of technology and impurity control is so superior to other semi-

conductorss that Si has no competitor. However, future chip miniaturization wil l 

encounterr a serious obstacle. As we mentioned in the abstract of the Introduction, 

thesee problems could possibly be solved by using photons rather than electrons. 

Ass current technology is based on Si, it is potentially attractive to investigate how 
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too enhance the optical properties of silicon rather than to explore new semiconduc-

tors,, which would finally have to be integrated in the current Si-based technology. 

Iff  we would like silicon to compete as an optoelectronic material in optical 

applications,, such as LED's, optical amplifiers or even lasers, it has to satisfy a 

numberr of conditions such as good emission at room temperature at a specific 

narroww wavelength, minimum heat generation, and high quantum efficiency [7]. 

Siliconn does not meet the above criteria and this is the reason why it is currently 

consideredd as unsuitable for optoelectronics. However, some improvements have 

beenn achieved in recent years. Indeed, some groups have published results, which 

aree encouraging for the silicon community. A group in England [18] has created 

ann LED based on defect engineering and another group in Australia [19] has made 

ann efficient LED with a special geometry. Two main approaches are currently 

beingg investigated for silicon photonics. In the first one, scientists are trying to 

enhancee the optical properties by modifying the band structure of silicon by means 

off  quantum confinement using nanocrystalline Si or quantum dots. The second 

approachh is by doping Si with Er3+ ions, in view of the telecommunication mar-

ket.. The excitation mechanism in the Si:Er system does not have to be direct and 

resonant.. This route opens a cheap (we do not need high power monochromatic 

sourcess for pumping) and efficient path for excitation {due to the fact that silicon 

hass a larger absorption cross section than Er3 +) . The study of energy transfers 

playss a crucial role in understanding the Er3+ interaction with the host mate-

riall  necessary for optimization towards development of solid-state light-emitting 

sourcess and optoelectronic applications. The successful integration of electronic 

andd optical elements onto a single Si chip, would certainly revolutionize the opto-

electronicss world. 

1.44 Si:Er 

Sincee its discovery at the beginning of the 1980's, the emission of light at 1.54 (xva 

inn the Si:Er system [20] has caused a lot of interest. The excitation path of Si:Er 

iss depicted schematically in Fig. 1.3(b). It is believed that an Er ion creates a 

levell  in the band gap, usually referred to as an Er-related level. This level may 

actt as a recombination center enabling the excitation of the 4/-electron shell of 

Er3++ ion. Although Er has many excited states [21], in the Si:Er system only 

transitionss from the 4/i5/2 ground state to the 4/j3/2 excited state can be realized. 

Thee energy difference between the ground state and higher excited states (4In/2, 
4/9/2,...)) is larger than the band gap of silicon, see Fig. 1.3(a). Consequently, any 
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Figuree 1.3: (a) Energy levels of the Eri+  ion split due to the spin-orbit interaction 

withinwithin the 4/-electron shell. The transition from the 4/ 1 3 /2 first excited state to the 
4/ 1 5 /22 ground state corresponds to the emission wavelength of 1.54 Vm, optimum 

forfor optical fibers used in telecommunication. The energy band gap of silicon is 

representedrepresented by a dashed-lme (in absolute energy scale, the 4/-electron shell tran-

sitionssitions lie very deep beneath the valence band of Si), (b) Schematic illustration of 

thethe Er*+ excitation mechanism in crystalline silicon. Excitation proceeds via the 

hosthost and does not have to be resonant. The energy transfer responsible for the 4/ 

shellshell excitation proceeds via an Er-related level formed in the Si band gap by Er 

doping. doping. 

lightt emitted due to those transitions wil l be absorbed again by silicon. 

Inn the work described in this thesis we study the importance of the Er-related 

level,, its nature, its recombination properties, and how the energy is transferred 

too the 4/ shell. Special attention is given to the role of shallow traps involved in 

thee energy transfer processes related to excitation and de-excitation of Er3+ ions 

inn the Si matrix. 

1.55 This thesis 

Inn this thesis fundamental investigations of the excitation and de-excitation pro-

cessess of Er3+ ions in crystalline silicon are described. The studies are carried out 

byy means of steady-state and time-resolved photoluminescence, photoluminescence 



12 2 CHAPTERCHAPTER 1 

excitationn spectroscopy, and two-color spectroscopy using the free electron laser 

facilityy at the FOM Institute "Rijnhuizen'(Nieuwegein). 

Thee thesis is divided as follows: in Chapter 2 we explain in detail our experi-

mentall  techniques. In Chapter 3 we discuss the role of free excitons and excitons 

boundd at an Er-related level for excitation of the Er3+ ions. Also, we explore the 

physicall  meaning of the excitation cross section in different matrices under optical 

pumping.. Chapter 4 to Chapter 7 are devoted to the two-color experiments and the 

importancee of shallow traps involved in the process of excitation and de-excitation 

off  Er3+ depending on certain conditions or host parameters. Finally, in Chapter 

8.. fuelled by the recent reports on nanocrystalline materials, we study photolumi-

nescencee excitation of Er3+ ions in a nanocrystalline silicon environment. In that 

chapterr we explore the role of nanocrystals as sensitizers of erbium luminescence. 



Chapterr 2 

Experimentall  techniques 

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

2.11 Photoluminescence experiments 

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

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

13 3 
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excitationn above the band gap, free electrons and free holes wil l be generated in the 

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

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

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

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

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

absorptionn spectrum: such a procedure is known as photoluminescence excitation 

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

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

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

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

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

de-excitation. . 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

describeddescribed in this thesis. See text for explanation. 

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

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

oscilloscopee (TDS 3032. Tektronix). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

by: : 
11 1 1 

3544 nm Xvis Xir 

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

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

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

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

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

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

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

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

2.33 Two-color experiments 

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

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

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

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

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

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

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

secondaryy probing beam. 

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

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

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

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

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

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

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

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

photolummescencephotolummescence spectrum, amplitude and dynamics are detected and analyzed. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2.44 Pree Electron Laser 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

cavityy mirrors [23]. 

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

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

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

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

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

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

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

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

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

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

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

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

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

DutchDutch free electron laser facility web site.) 

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

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

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

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

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

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

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

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

thee undulator. 



20 0 CHAPTERCHAPTER 2 

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

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

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

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

Ref.Ref. [24].) 

2.4.11 Different applications of FEL's 

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

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

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

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

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

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

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

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

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

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

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

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

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

2.4.22 Properties of the Dutch FEL: FELI X 

Thee Dutch Free Electron Laser facility for Infrared experiments (FELIX) emits 
photonss with a range from 4 to 250 /im with a peak power up to 100 MW in 
(sub)picosecondd pulses, see [24]. Radiation can be produced with two undulators, 
onee for the range of 25 - 250 /im and another for the range of 4 - 30 fim. The 
infraredd beam features short micropulses, which have a nominal duration of 1 
pss and are separated by intervals of either 1 ns (1 GHz) or 40 ns (25 MHz) of 
zeroo intensity, see Fig. 2.4. The usual mode of operation is with an interpulse 
separationn of 1 ns [24]. The micropulses form a train (the macropulse) with a 
durationn up to 10 (J,S (usually around ~ 5 (xs). The macropulses have a repetition 
ratee of 5 Hz. The macropulse power is given by the micropulse energy multiplied 
byy the repetition frequency. This results in a maximum average power in the user 
stationss of 500 mW, although for our experimental purposes we used on average 
2000 - 300 mW. Synchronized to the FEL is a (frequency doubled) Nd:YAG laser 
andd this enables the two-color experiments. 
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Chapterr 3 

Excitationn cross section of erbium 
inn semiconductors under optical 
pumping g 

BasedBased on a detailed consideration of the excitation mechanisms of erbium in a crys-
tallinetalline and amorphous matrix we present an analysis of the physical meaning of 
thethe Auger excitation cross section of Er3+ ions in a semiconductor. It is demons-
tratedtrated that large values of the Auger excitation cross section under optical pumping 
inin semiconductor matrices are due to large values of the band-to-band absorption 
coefficientscoefficients exceeding by several orders of magnitude the absorption coefficient of 
erbiumerbium in the dielectric Si02 and Al203 matrices. The Auger excitation cross sec-
tiontion of Er3+ in semiconductor matrices is roughly given by the ratio of the matrix 
coefficientcoefficient to the concentration of Er3  ̂ ions. While the analysis of the excitation 
crosscross section is carried out for Er-doped crystalline and amorphous silicon, the 
resultsresults are expected to be applicable to the other rare-earth doped semiconductors. 
BasedBased on low-temperature experimental results for crystalline silicon we get the 
AugerAuger excitation coefficient of C^81 a 7xl0~10 ernes'1 and the effective excitation 
crosscross section o~ZrSt = (2-8)xl0~12 cm2. For amorphous silicon at 100 K we obtain 

3.11 Introduction 

Semiconductorr matrices doped with rare earth ions are of great interest for opto-
electronics.. Special attention is drawn at present to erbium since the wavelength 
off  the intra-shell radiative transition from the first excited 4/13/2 to the ground 

23 3 
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411 5/ 22 state of the 4/ shell of the Er3+ ion coincides with the minimum of optical 

absorptionn losses in silica glass optical fiber communication lines. The efficiency 

off  the erbium excitation (excitation rate) is determined by the excitation cross 

sectionn of erbium. This is an important characteristic needed for the fabrication 

off  lasers and amplifiers based on erbium-doped semiconductor matrices, to control 

thee pump power necessary to achieve population inversion. 

Thee efficiency of the erbium excitation under direct optical absorption in a 

dielectricc matrix, for example, such as Si02 and A1203, is determined by the 

excitationn cross section a of erbium, which enters the rate equation 

^=^= ffff*(N*(NErEr-N*-N*ErEr)-^,)-^, (3.1) 

wheree $ is the photon flux, NEr and N%T are the total concentrations of erbium 

ionss and excited erbium ions, respectively, and r is the lifetime of erbium in the 

excitedd state. This equation describes the processes of excitation and de-excitation 

off  erbium in a two-level scheme and a is the real cross section for photon absorption 

byy an erbium ion. The same equation can be used also for the three-level excitation 

schemee that involves the second excited 4 / n /2 state, because the excitation relaxes 

quicklyy to the 4 / i 3 / 2 state by a non-radiative route. In this case a is the real cross 

sectionn for photon absorption by an erbium ion for the transition from the 4/ i 5 / 2 

too the 4/n /2 state. 

Thee experimental value of the excitation cross section may be deduced from the 

powerr dependence of the rise-time of the erbium photoluminescence (PL) intensity 

afterr switch-on of a rectangular optical pumping pulse. Indeed, from Eq. (3.1) the 

rise-timee of the erbium luminescence intensity ron is determined as 

11 1 
—— = - + * *  (3-2) 
'on'on I 

Thee excitation cross section can also be obtained from the experimental power 

dependencee of the erbium luminescence intensity. From the stationary solution of 

Eq.. (3.1), the dependence of the erbium luminescence intensity on the photon flux 

shouldd depend on the excitation cross section a 

IIErEr oc NEr =  g r g NEr. (3.3) 

Forr erbium in Si02, the experimentally determined value of a is 8 x l 0 - 2 1 cm2 

[16].. In the same manner, the excitation cross section is determined in the case of 

opticall  excitation of erbium in a semiconductor matrix under optical band-to-band 
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pumping.. According to experimental data, the erbium excitation cross section in 
crystallinee silicon is higher by several orders of magnitude than that for direct 
absorptionn of photons in the dielectric SiC>2 and A1203 matrices [27, 28]. 

However,, in semiconductor matrices, excitation of erbium ions occurs mainly 
byy free charge carriers in an Auger process [29] or via impact excitation by hot 
electronss in the case of electroluminescence from reverse-biased p—n junctions [30]. 
InIn this case, the excitation cross section a of erbium entering in Eq. (3.1) and, 
thereforee in the formulae (3.2) and (3.3), should have another physical meaning. 
Inn contrast to dielectric matrices in which a is nearly independent of the matrix, 
inn semiconductors a should depend on the efficiency of the energy transfer from 
photonss to erbium ions via free carriers, i.e., it should depend on the characteristics 
off  the semiconductor matrix doped with RE. 

Wee present here an analysis of the physical meaning of the excitation cross 
sectionn of erbium in semiconductor matrices, based on a detailed consideration of 
thee excitation mechanisms under optical pumping in crystalline and amorphous 
silicon.. We demonstrate that large values of the excitation cross section in crys-
tallinee c-Si and in amorphous hydrogenated a-Si:H semiconductor matrices are 
duee to a large band-to-band absorption coefficient exceeding by several orders of 
magnitudee the absorption coefficient of erbium in the dielectric matrices Si02 and 
AI2O3.. The excitation cross section in semiconductor matrices is determined by 
thee ratio of the matrix absorption coefficient to the concentration of optical active 
erbium,, which should be multiplied by a factor that depends on the ratio of the 
intensityy of the channel transferring absorbed energy to the erbium ions to that of 
alll  the loss channels. The experimental results on the excitation cross section of 
Er3++ ions in crystalline and amorphous silicon are presented and discussed. 

3.22 Crystal l ine silicon 

3.2.11 Theoretical considerations 

Att low temperatures, the most probable excitation mechanism of Er3+ ions in 
crystallinee silicon under optical pumping is by exciton recombination. In the case 
off  band-to-band absorption, free excitons are formed in the matrix. Neutral (at 
loww temperatures) donors introduced by erbium and/or oxygen complexes easily 
capturee these excitons. The excitation of an erbium ion then occurs via an Auger 
recombinationn of excitons in which the recombination energy is transferred by 
Coulombb interactions to an electron in the 4/ shell of the erbium ion. Alterna-
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Figuree 3.1: Model of the excitation mechanism of the Er3+ in crystalline Si. See 

thethe text for a detail explanation. 

tively,, the Auger process could take place at collisions of free excitons with donors 

associatedd with erbium ions. The presence of a donor electron favors the energy 

conservationn in the Auger process [31]. This excitation mechanism is illustrated 

schematicallyy in Fig. 3.1. In order to describe the excitation process, we consider 

firstfirst the rate equations governing the concentration of free electrons and holes. 

Wee note that at low temperatures non-radiative recombination via deep centers 

iss suppressed, and the recombination via shallow donor and acceptor centers is 

negligible.. Though the capture cross section for electrons and holes at shallow 

Coulombb centers is sufficiently large, the inter-impurity recombination rate is low, 

andd shallow centers are instantly filled by charge carriers blocking this recombina-

tionn channel. For this reason, the binding of free carriers into free excitons (FE) 

dominatess at low temperatures and at fairly high pumping levels. Under these 

conditions,, the rate equations for electrons and holes wil l have the form 

dndn dp ,„  „, 
—-- = — = a$ - -ynp, (3.4) 
atat at 

wheree <£> is the incoming photon flux, and a is the absorption coefficient of silicon, 

nn and p are the concentrations of non-equilibrium electrons and holes, respectively, 
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andd 7 is the coefficient of the exciton binding process. The rate equation for free 

excitonss can be written as follows 

——=——=inpinp , (3.5) 
atat rex 

wheree rex is the exciton lifetime. 

Wee assume that the exciton lifetime is controlled mainly by non-radiative Auger 

processess associated with neutral Er-related donors or other impurities, 

—— = cimNim + CEVNET + cA(NEr - N*Er), (3.6) 

wheree NEr is the total concentration of optical active erbium, NEr is the concen-

trationn of excited erbium, Nim is the concentration of other impurities, Cim,cEr 

andd CA are the capture coefficients of free excitons by impurities, (including also 

opticallyy non-active erbium), erbium-related donor centers without erbium exci-

tationn and with erbium excitation (BE), respectively. In Eq. (3.6), we took into 

accountt a possible saturation of the excited erbium ions, which leads to blocking 

off  the Er excitation process. 

Thee rate equation which describes the excitation of erbium ions has the form 

^^ = cAnex{NEr - NEr) - ^ , (3.7) 
atat T 

wheree r is the erbium lifetime in the excited state due to both radiative and 

non-radiativee recombinations. 

Inn order to analyze the rate equations (3.4) - (3.7), we shall separate our phy-

sicall  system into two subsystems. One of them, fast, groups the processes whose 

relaxationn time does not exceed several microseconds such as: the capture of free 

excitonss by donors induced by erbium or other impurities. The other group (slow) 

aree processes characterized by a lifetime which is two orders of magnitude larger: 

thee lifetime of erbium ions in the excited state. Therefore, we can regard the 

"fast""  subsystem to be in a quasistationary state and thus arrive at 

nnexex = a$rex. (3.8) 

Inn this approximation, we can represent Eq. (3.7) as 

^^ = aeff<t>(N Er - NEr) - ^ , (3.9) 
atat T 

wheree we have introduced the effective cross section aefj of the erbium excitation: 

crcrefefff = acATex. (3.10) ) 
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Forr the analysis it is convenient to present the effective cross section as the 
productt of two factors: 

__ _o_ ( cANEr 

'7 e /// NEr VCimNim + cErNEr + cA(NEr - N*Er) 

Ass can be seen from formula (3.11), the excitation cross section of erbium is roughly 
determinedd by the first term and is inversely proportional to the concentration of 
opticallyy active erbium. The excitation cross section depends not only on the 
absolutee value of the capture cross section cA, but also on the ratio of the capture 
probabilityy of free excitons by erbium-related centers with excitation of an erbium 
ionn and the total probability of all the capture processes, as given by the second 
termm in Eq. (3.11). 

3.2.22 Experimental results 

Wee have measured the effective excitation cross section of erbium in crystalline 
silicon.. A single-crystalline (lll)-oriented, p-type (B-doped) Czochralski-grown 
siliconn wafer was implanted with Er ions at room temperature to a total dose of 
3xl0122 cm-2 with an energy of 300 keV. Oxygen was co-implanted at 40 keV to 
aa total dose of 3xl013 cm~2. The sample was annealed in N2 gas for 30 min 
att 900°C to re-crystallize the implanted layer. The concentration of erbium in 
thee implanted layer measured by secondary ion mass spectrometry (SIMS) was 
5xl0177 cm"3. Photoluminescence (PL) measurements were performed using the 
514.55 nm line of an Ar+ laser. The PL signal was passed through a Jobin-Yvon 
THRR 1500 grating monochromator, and detected with a liquid-nitrogen cooled Ge 
detectorr using standard lock-in techniques. The sample was placed on a cold finger 
off  a closed cycle helium cryostat. All measurements were done at 20 K. Figure 
3.22 shows the PL spectrum of the c-Si:Er sample in the 1-1.7 fim range. The 
luminescencee peaks designated by arrows in the region of 1.54 - 1.6 //m correspond 
too the radiative transitions from the first excited state 4/ i 3/2 to the ground state 
4-fis/22 of Er3+ ion. The observation of several sharp lines is due to the splitting 
off  the 4ii5/2 ground state. The depicted spectrum is typical for erbium implanted 
inn silicon. Phonon-assisted free exciton PL is observed at 1.13 [im. Figure 3.3 
showss the intensities of erbium (main peak at 1.54 jim) and exciton PL as a 
functionn of the photon flux (quasistationary conditions). As can be seen, the 
increasee of the exciton PL takes place upon saturation of the Er PL. Decay time 
measurementss of erbium and exciton PL were performed using the A = 532 nm 
secondd harmonic of a Nd:YAG laser of nanosecond pulse duration. In this case, 

(3.n ; ; 
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Figuree 3.2: Photoluminescence spectrum of Er-doped crystalline silicon under Ar+ 

laserlaser excitation. The arrows indicate PL lines usually assigned to an Ers+ -related 
opticallyoptically active center of cubic symmetry. 

wee used a digitizing oscilloscope in combination with an InP/InGaAs nitrogen-
cooledd multiplier tube, of the type Hamamatsu R5509-72. The system response 
timee was 0.1 (is. All measurements were done at 20 K. Figure 3.4 demonstrates 
thee dependencies of the decay time of the exciton, the intensities of the exciton 
andd the erbium luminescence on the power of the Nd:YAG laser, under pulsed 
excitationn conditions. As can be seen, the exciton lifetime is approximately 0.3 
^ss at low pumping and saturates at a level close to 1.1 [is for the high pumping 
regime,, following saturation of the erbium PL intensity. From the same figure 
wee also note that the intensity of the exciton PL increases faster with excitation 
powerr when the intensity of Er PL reaches saturation. We have found that the 
erbiumm lifetime of approximately 1.3 ms is practically independent of the pump 
powerr over the whole range investigated. 

3.2.33 Discussion 

Wee have observed a strong correlation between the exciton and the erbium PL 
intensityy as a function of the laser power. This correlation has been observed 
bothh for continuous and pulsed excitation. As one can see from Figs. 3.3 and 
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Figuree 3.3: Intensity of erbium, and exciton photoluminescence as a function of 

pumpingpumping photon flux (Ar+ laser excitation). Dotted line is a fitting curve to Eq. 

(3.15)(3.15) with or = 5.3x III 15 cm2s. solid line is a guide for eye. 

3.4.. the PL intensities of the excitons are very weak until the erbium PL intensity 

saturates.. This fact indicates that the main recombination channel of free excitons 

iss capture by erbium-related centers, assisted by the excitation of erbium. This 

conclusionn is also supported by the dependence of the exciton lifetime on the laser 

power.. The lifetime of the exciton is shown to increase as saturation of the erbium 

luminescencee sets in. As the concentration of optically active Er ions is much less 

thann the total concentration of Er and other impurities, Nim S> NET. we conclude 

that t 

c . 4 » ci r n . c£ r .. (3.12) 

Thee inequality (3.12) takes place in our opinion because the normal Auger 

recombinationn of bound excitons involving loosely bound carriers is suppressed by 

thee selection rules associated with the laws of conservation of angular momentum 

andd momentum in Si [32]. It is natural to suggest that CET ~ cirn. In this case, we 

cann neglect the second term in the right side of Eq. (3.6) and similarly simplify Eq. 

(3.11).. From the experimental data given in Fig. 3.4, we find the exciton lifetime in 

thee saturation regime (NET « NEr) re
s°( ss 1.1 /is. which leads to cimNim « 0.9x 106 

s"1.. For small pump powers we get T°f sa 0.3 /is. resulting in cimNim + CANET = 

 erbium 

OO exciton 
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Figuree 3.4: Intensity of erbium and exciton photoluminescence and exciton lifetime 

asas a function of power of the Nd:YAG laser pulse. 

3.3xl066 s"1. which gives cANEr « 2.4x l06 s_1. 

Byy using Eq. (3.11), we get for the effective cross section in the case of low 

excitationn pumping {NEr <C NET)' 

'eff 'eff 0.73 3 
N, N, 

(3.13) ) 

andd for the maximum excitation cross section of erbium in the saturation range 

'eff 'eff 2.67--
11 y Er 

(3.14) ) 

Thuss the effective cross section should rise with increasing pumping intensity by 

aa factor of approximately 4. 

However,, we shall consider the effective excitation cross section aeff as a cons-

tantt and try to estimate its value from the intensity dependence of the erbium PL 

onn the photon flux. Under quasistationary conditions, this is given by 

lEr lEr 
JJeff eff T$$ N, 

0-0-effeffT$>T$> + 1 Trad 

(3.15) ) 

wheree Trad is the radiative lifetime of erbium in the excited state. This relation 

cann be obtained as a stationary solution for NEr from Eq. (3.7). The fitting curve 

withh o~effT w 5.4xlCT14 cm2 s is presented in Fig. 3.3 (dotted line). Taking the 
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lifetimee of erbium as 1.3 ms. we obtain aefj « 4 x 10"12 cm2. This value should 

bee considered as an average one. Taking into account the approximations used, 

thee real cross section should be in the range erey/ PB (2 - 8) x 10"12 cm2. 

Noww we can calculate the concentration of optically active erbium from Eq. 

(3.13)) corresponding to the obtained value (7eff. Taking the value of the absorption 

coefficientt equal to l x lO 4 cm"1 at 515 nm [6]. we find NEr = (2 - 5) x 1015 cm"3. 

Ass expected, this value is lower than the concentration of implanted erbium 5x 1017 

cm- 3 .. Thus, only approximately 1 % of the total concentration of erbium is in 

ann optically active state. This result coincides with the well known fact that 

thee concentration of optically active erbium in crystalline silicon doped by ion 

implantationn does not exceed several percent [33]. 

Inn this section, we have introduced the simplest model that includes only one 

typee of optically active erbium center and a single excitation mechanism. How-

ever,, it should be noted that the total concentration of optically active erbium 

iss determined by the technique used to fabricate the sample. Because of different 

configurationss of the intermediate Er3+ ion environment, erbium may be in several 

differentt optically active states. In this case, the fraction of the total concentration 

off  optically active erbium ions which is excitable may depend on the excitation 

mechanism. . 

Wee conclude with the estimation of a value of the Auger excitation coefficient 

off  c4 = 7 x 10"10 cm3 s"1 from Eq. (3.10). 

3.33 Amorphous silicon 

Promisingg results were obtained in the case of optical excitation of erbium inserted 

intoo the matrix of amorphous hydrogenated silicon. A simple method of introduc-

tionn of a large concentration of erbium into an amorphous matrix and the fact that 

thee intensity of erbium emission at 1.54 //m is nearly independent of temperature 

fromm liquid-nitrogen to room temperature has attracted special attention of the 

researchers.. There is evidence that the radiative lifetime of an erbium ions in the 

excitedd state in this matrix is several times smaller than that in crystalline silicon 

[34]. . 

Introductionn of erbium into a matrix of amorphous hydrogenated silicon leads 

too generation of ruptured bonds (dangling bond defects) which can have one elec-

tronn (defect in a neutral D° state) or two electrons (negatively charged defect in 

aa D~ state). These states induce defect levels approximately in the midgap of the 

matrix.. They are separated by a correlation energy of 0.1 - 0.2 eV. The energy 
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Figuree 3.5: Model of the defect-related Auger mechanism of the Er'+ excitation in 

a-Si:H:Er. a-Si:H:Er. 

positionn of the 4/ term of the erbium ion is situated 8 - 10 eV below the edge of 

thee matrix valence band, therefore excitation of the 4/-electron shell of the erbium 

ionn can occur only via Coulomb interaction with the charge carriers of the matrix 

(ann Auger process). 

I tt is well known [35, 36] that doping of crystalline silicon with erbium and 

oxygenn leads to formation of erbium-oxygen complexes which have energy levels 

withh a bonding energy of Ü.1 - 0.25 eV. We assume here that similar doping of 

amorphouss silicon wil l be also accompanied by the appearance of donor states. 

Thiss assumption is confirmed by the «-type nature of the electric conduction of 

erbium-- and oxygen-doped amorphous silicon. Measurements of the temperature 

dependencee of the electrical conductivity performed on a number of our samples 

gavee the position of the Fermi level as 0.5 eV below the mobility edge of the 

conductionn band. Since the concentration of erbium and oxygen in typical samples 

iss about 102() cm~3, while the concentration of D~ defects does not exceed 101K -

10199 cm- 3 [37. 38], all the D defects in erbium-doped amorphous silicon exist at 

equilibriumm in a D~ state. 

AA scheme of the defect-related Auger mechanism of the Er! + excitation in a-

Si:H:Err is presented in Fig. 3.5. In the case of band-to-band excitation, geminate 

radiativee recombination of electron-hole pairs is efficient only in the samples with 

loww concentration of defects and at low temperatures (and under high excitation 
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density).. Therefore, we can expect that, in the samples containing a large con-

centrationn of D~ defects [38], recombination occurs mainly non-radiatively via D 

defects.. This assumption is corroborated by the absence in the spectra of erbium-

dopedd amorphous hydrogenated silicon of both band-to-band radiative transitions 

andd of defect luminescence. Since the concentrations of electrons, holes and D° 

centerss are negligible in equilibrium, while the concentration of D centers is prac-

ticallyy equal to the total concentration of D~ centers, N$ « ND, in the first stage 

off  the recombination process, holes are captured by D~ centers transforming them 

intoo D° defects. This process is described by the rate equation 

^^ = aO - cpNa
D. - cPN%-, (3.16) 

wheree $ is the photon flux, a the absorption coefficient of the pumping radiation, 

pp the concentration of free holes, c the capture coefficient of holes by D centers, 

JV£__ and N  ̂ are concentrations of D~ centers for optically active and optically 

non-activee erbium ions, respectively. 

Inn the second stage of the recombination process, the electrons undergo transi-

tionss from the tail states of the conduction band to D° centers, transforming them 

intoo D~ centers. The concentration of free electrons is described by the equation 

dn dn 
—— =  Q $ - canNa

D0 - cnnN 0̂, (3.17) 

wheree n is the concentration of free electrons, ca is the total capture coefficient of 

electronss at D° centers active in excitation of erbium ions. ca is the sum of contri-

butionss from two competing processes: the capture of an electron with excitation 

off  an erbium ion via the Auger process and multiphonon non-radiative capture: 

ccaa = CA + cimp [38, 39]. The coefficient cn is the capture coefficient of D° centers 

whichh do not participate in the excitation of erbium ions (non-active). 

I tt should be noted that in our case D° centers are formed only due to capture 

off  holes by D~ centers under optical pumping. Their concentration can be found 

fromm the equations 
dN% dN% 
-^-=cpN^-c-^-=cpN^-caanNnNaa

D0D0,, (3.18) 

dN%dN%0 0 

—2-=cpNl--c—2-=cpNl--cnnnN%nN%ii-- (3-19) 

Inn the stationary state, we have from Eqs. (3.18) and (3.19) 

NNn n 

CnKCnK00=c=caaNNaa
D0D0-^.-^. (3.20) 

lyly D-
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Figuree 3.6: Photoluminescence spectrum of Er-doped a-Si:H:Er. 

Thee rate equation system should be supplemented by the neutrality condition: 

nn = p + N°D. (3.21) 

Excitationn of erbium ions in the amorphous silicon matrix is produced by the 

Augerr process whose probability is proportional to the product of the concentration 

off  free electrons and the concentration of D° centers. Thus, the concentration of 

excitedd erbium ions is determined by the rate equation 

dtdt D \ NEr) r 

Whenn analyzing the equations system (3.16) - (3.20), we can again use the pos-

sibilityy to separate the physical system consisting of matrix and erbium ions into 

twoo subsystems: a fast one (the matrix) with the relaxation time of all the elec-

tronicc processes (recombination, capture of free charge by D centers) not exceeding 

tenss of microseconds, and a slow one (the erbium ions) in which the characteristic 

lifetimee (the lifetime of erbium ions in the excited state) is of the order of millise-

conds.. Therefore, when we consider the evolution of the system with the pumping 

mechanismm switched on, we can treat the subsystem of free carriers and defects 

ass being in a stationary state. In this case, using Eq. (3.20) we can get from Eq. 
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(3.17) ) 

nNnND°D° = / V M . (3.23) 
p . ( ll  + ^ ) 

Then.. Eq. (3.22) can be represented in the form 

T* T* 

§L§L — ST ..tfi(\T- _. AT* \ lyEr 

a a 

where e 

^^ = aeff$(NEr - N*Er) - *k, (3.24) 

aa cAN« 

""'""'  = NZclNl.-Nl-Y (3"25) 

I tt should be noted that the ratio <V£_/iV£_ does not depend on the pumping 

ratee in the conditions of our work since the concentration of D centers practically 

doess not change for small illumination density: the concentration of D° centers 

formed,, makes only a small fraction of the total concentration of D defects. 

Inn Eqs. (3.22), (3.24), and (3.25) the notation NEr refers actually not to the 

totall  concentration of erbium ions but only to that of optically active ions, which 

iss considerably lower. 

Fromm Eq. (3.23) it follows that, in the case of optical pumping of erbium in 
thee amorphous silicon matrix, the maximum possible cross section of the erbium 
excitationn is 

< r ;; = ^ - (3.26) 

Thiss result follows from the same reasoning as in the case of crystalline silicon: 
thee band-to-band absorption coefficient of the semiconductor matrix of amorphous 
siliconn for the pumping radiation is independent of the concentration of erbium 
ions. . 

Wee have measured the effective excitation cross section of erbium for the sample 

off  amorphous hydrogenated silicon doped with erbium (a-Si:H:Er). The a-Si:H:Er 

samplee was grown by magnetron sputtering of metallic erbium onto a silicon subs-

t ra tee in an atmosphere of silane, argon, and oxygen. The concentrations of erbium 

andd oxygen in the obtained film measured using SIMS were 3.5 xlO19 cm"3 and 

2xx 1020 cm- 3, respectively. It should be noted that the presence of oxygen increases 

thee intensity of the erbium photoluminescence. 

PLL spectra were measured using a light emitting diode (LED) with maximum 

radiationn at 640 nm as excitation source. The emitted light was passed through 

aa monochromator and detected by a cooled Ge detector using lock-in techniques. 
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Figuree 3.7: Dependence of the reciprocal rise time l/ron of the erbium luminescence 

intensityintensity in amorphous silicon as a function of the photon flux. 

Luminescencee rise time traces of erbium PL were recorded using a digitizing os-

cilloscopee in combination with the Ge detector. The system response time was 5 

[is.[is. All measurements were done at 100 K. Figure 3.6 shows a PL spectrum of 

a-Si:H:Err film in the 1 - 1.7 /im range. The luminescence peak at 1.54 fxva cor-

respondss to a radiative transition from the first excited state 4/i3/2 to the ground 

statee 4/i5/2 of Er3+. The weak maximum around 1.3 /xm (defect luminescence) 

iss due to the transition of electrons from the conduction band to D° defect level. 

Fromm the solution of Eq. (3.24) it follows that the reciprocal rise time ron of the 

erbiumm intensity after switch-on of a rectangular pulse is 

—— = - + c-eff<P. (3.27) 
TonTon T 

Figuree 3.7 shows the experimental data on the reciprocal rise time as a function 

off  photon flux (dots) and the calculated dependence fitted to the experimental 

dataa using formula (3.27). The obtained value of the excitation cross section cre// 

iss 1.4xl0"14 cm2, and the erbium lifetime r is 420 /us. The obtained values of aeff 

andd T may be checked from the dependence of the PL erbium intensity on photon 

fluxflux using Eq. (3.15). Figure 3.8 shows the dependence of the experimental data 

onn the pumping power and the calculated fitting curve of the erbium PL intensity 

(withh aPjf and r obtained above). 
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Figuree 3.8: Intensity of Er luminescence in Er-doped amorphous silicon as a func-
tiontion of pumping power. 

Noww we can calculate the concentration of optically active erbium from Eq. 

(3.13)) corresponding to the obtained value aeff. Taking the value of the absorption 

coefficientt equal to 1 x 104 cm"1 at 514.5 nm. we find NEr « ü.7 x 1018 cm- 3 . 

Thiss value is lower than the concentration 3.5 xlO19 cm"3 of implanted erbium. 

Thuss only about one percent of the total concentration of erbium embedded in the 

amorphouss matrix is optically active. 

3.44 Conclusions 

AA detailed consideration of the excitation mechanisms of erbium in crystalline and 

amorphouss silicon is carried out and the physical meaning of the excitation cross 

sectionn of erbium in semiconductor matrices under optical pumping is revealed. It 

iss demonstrated that the large values of the excitation cross section of erbium in 

semiconductorr matrices are due to the fact that the absorption coefficient of the 

matr ixx for pumping radiation exceeds the direct absorption of erbium by several 

orderss of magnitude. The Auger excitation cross section of erbium in semicon-

ductorr matrices is roughly determined by the ratio of the absorption coefficient 

off  pumping light and the concentration of optically active erbium, irrespective of 



3.4.3.4. Conclusions 39 9 

thee excitation mechanism. It should be noted that the concentration of optically 
activee erbium ions may depend on a particular excitation mechanism. On the 
otherr hand, if we have several optically active erbium centers with different con-
centrations,, we may have several different excitation cross sections with a single 
excitationn mechanism. 
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Chapterr 4 

Investigationn of the afterglow 
effectt in Si:Er 

TheThe afterglow effect of slowly decaying photoluminescence, well known for phos-
phorphor materials, is identified in silicon. A component with a lifetime of up to 
100100 ms is observed in the kinetics of the A & 1.5 \xm emission of Er-doped crys-
tallinetalline silicon. This is measured at T « J^.2 - 40 K under pulsed band-to-band 
excitationexcitation with a Nd:YAG laser (532 nm). The slow component is found to be su-
perimposedperimposed upon the Er-related emission characterized by the commonly reported 
lifetimelifetime of approximately 1 ms. Thermalization and subsequent recombination of 
non-equilibriumnon-equilibrium carriers trapped at shallow levels after the excitation pulse is pro-
posedposed as the microscopic mechanism responsible for this slow emission. Using 
time-resolvedtime-resolved two-color spectroscopy with a free-electron laser, the earlier reported 
mid-infraredmid-infrared induced enhancement of Er emission is related to the presently ob-
servedserved afterglow. A simple kinetic model is developed and shown to successfully 
linklink the amplitude and temporal characteristics of both effects. Measurements at 
higherhigher temperatures support the proposed interpretation. 

4.11 Introduction 

Rare-earthh (RE) doped semiconductors are very attractive systems for photonic 
applications.. In particular, Er3+ intra-4f-shell luminescence features sharp emis-
sionn at an almost temperature independent wavelength of 1.5 [xm, which falls at 
thee minimum loss of optical fibers used in telecommunications. Silicon, the lead-
ingg material for electronics, is not very suitable for optoelectronic applications due 
too its indirect band gap. However, since the first observation of low-temperature 

41 1 
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1.544 //m emission from a Si:Er material [20]. much effort has been invested to 

realizee a fully integrated room-temperature optoelectronic device based on Si:Er. 

Unfortunately,, weak emission intensity is the major drawback. Two possible mech-

anismss are usually held responsible for the poor room-temperature emission. As 

thee temperature increases, either the excitation efficiency decreases, and/or non-

radiativee recombination processes (Auger) become more important. Previous work 

[4.. 27. 28, 40, 41] indicated that only a deeper understanding of the non-radiative 

recombinationn processes wil l lead to the realization of efficient room-temperature 

Err emission. In the past, the temperature and excitation-power dependence of 

steady-statee photoluminescence (PL) of differently prepared Si:Er materials was 

extensivelyy investigated. However, with increasing temperature or excitation den-

sityy many processes are activated simultaneously and this can obscure observation 

off  the energy transfer paths in the excitation and de-excitation of Er3+ ions. Con-

sequently,, very littl e information can be derived from these non-selective experi-

ments.. Much better results can be obtained with a free-electron laser (FEL) as a 

tunablee source in the mid-infrared (MIR). In this case, we can precisely address 

specificc centers involved in the excitation and the de-excitation of Er3+ ions [42]. 

Inn earlier work [43] we have observed that following a primary band-to-band ex-

citationn by a Nd:YAG laser, Er PL could be enhanced by a MI R radiation pulse. 

Inn the present contribution we identify a slowly decaying component of Er PL at 

1.544 //m (the afterglow). Using the time-resolved two-color spectroscopy with the 

FEL,, we establish a relation between this slow PL component and the temporal 

characteristicss of the MIR-induced Er PL enhancement. 

4.22 Experimental details 

Inn the current research, samples with different erbium and oxygen concentrations 

havee been investigated. While the amplitude and the temporal characteristics of 

thee A ~ 1.54 jj,m emission change somewhat from one sample to another, the 

generall  behavior and the effects produced by the FEL are common for all of them. 

Thee data presented in this Chapter were obtained for a Si:Er sample prepared from 

Czochralski-grownn p-type silicon. Er ions were implanted with an energy of 300 

keVV to a dose of 3x 1012 cm- 2 . The concentration of erbium in the implanted layer 

wass around 5x 1017 cm- 3 . The sample was co-implanted with oxygen ions with an 

energyy of 40 KeV to a dose of 3x l013 cm"2. Oxygen co-doping is known to the 

increasee intensity of Er PL and to reduce its thermal quenching. The implantation 

wass followed by 900°C annealing for 30 minutes. A high-resolution PL spectrum 
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obtainedd from the sample under Ar+ laser excitation is plotted in the inset of Fig. 

4.1. . 
InIn the spectrum we can identify several lines related to transitions from the 

4/13/22 multiplet of Er3+ to the crystal-field-split 4/is/2 ground state. A similar 
spectrumm is also observed under pulsed excitation with a Nd:YAG laser. In the ex-
periment,, the sample is placed in a helium-gas-flow variable-temperature cryostat 
(Oxfordd Instruments Optistat) allowing measurements in the temperature range 
fromm 4.2 to 300 K. Excitation of the Er3+ ions is provided by a frequency doubled 
pulsedd Nd:YAG laser (532 nm). Er PL is dispersed through the spectrometer. For 
detectionn we use either a sensitive Ge photodiode (Edinburgh Instruments, EI-A) 
forr slowly decaying signals and also for spectral analysis, or an infrared sensitive 
photomultiplierr tube (PMT) to capture fast signals. The PL transients are fed into 
aa digital oscilloscope (TDS 3032, Tektronix). The experimental time resolution of 
thee system is Tjet ~ 30 fis. In the case of two-color experiments a FEL pulse, spa-
tiallyy overlapped on the sample with the Nd:YAG, is fired after a selected delay 
time.. For more details on the experimental set-up for two-color spectroscopy with 
thee FEL see Refs. [42, 43]. 

4.33 Experimental results 

4.3.11 Photoluminescence kinetics 

Figuree 4.1 shows decay kinetics of the Er-related PL signal measured with a PMT 
att T = 4.2 K under excitation with the second harmonic of the Nd:YAG laser, and 
withh an excitation density of approximately 30 ̂ /J/cm2 per pulse. Since all the lines 
inn the inset of Fig. 4.1 show identical kinetics, in order to get the best signal-to-
noisee ratio we choose the line with the highest intensity for detailed investigations 
(markedd with an arrow in the inset). Unfortunately, lifetime measurements can 
onlyy be performed with a lower resolution. In that case, only a broad line centered 
att A w 1.54 /im is detected. As can be seen, the Er PL signal with the usually 
reportedd decay time of approximately T\ ~ 1 ms is superimposed on a much slower 
decayingg background. This is more evident in Fig. 4.2, which illustrates the same 
kineticss as Fig. 4.1, but with the time scale extended to 180 ms. In the inset of Fig. 
4.2,, the spectral characteristics of the fast and the slow components are shown. 
Thesee were obtained by integrating the PL signal over time windows between 1 
andd 8 ms for the fast, and 30 and 150 ms for the slow components as indicated in 
thee figure. The characteristic spectrum of Er3+ is clearly reproduced in both cases. 
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Figuree 4.1: Decay kinetics of Er PL excited by a Nd:YAG laser pulse, measured 

withwith a PMT at T = J,..2 K. A good fit can be obtained with a double exponent 

functionfunction with time constants Tt SS 1 ms and T2 « 26 ms. In the inset, the high-

resolutionresolution PL spectrum measured under Ar+ laser excitation is shown. Several 

lineslines split by the crystal field can be observed. The most intense line used for 

investigationsinvestigations of the dynamics is marked with an arrow. 

Thee simultaneous appearance of two Er-related PL components with different de-

cayy characteristics raises a question as to their individual contributions to the total 

emission.. An investigation of the excitation-power dependence of both components 

showss that the slower component dominates for small excitation densities. Upon 

increasingg the excitation density, the slow component saturates, while the faster 

onee continues to grow. Its eventual saturation level depends on the particular 

samplee preparation conditions, but is always much higher than that of the slower 

one.. The different saturation behavior of both Er PL components is illustrated 

inn Fig. 4.3, where the kinetics obtained for two different excitation densities are 

compared.. As can be concluded from the inset, the PL signal characterized by a 

shorterr T\ sa 1 ms decay time increases with excitation power, while the slow one 

reachess saturation and its intensity remains constant. 
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Figuree 4.2: Spectral dependence of the slow and the fast components of the Er PL 

(T(T = 4-2 K). The inset shows the amplitude of the PL signal integrated in the 

indicatedindicated time windows. See text for further explanation. 

4.3.22 Two-color experiments in the MI R 

AA FEL pulse applied within several tens of milliseconds after the initial band-to-

bandd excitation leads to an enhancement of the Er-related emission [43]. While the 

magnitudee and the time scale of this effect is sample dependent, the MIR-induced 

enhancementt is found to be omnipresent in all Er-doped crystalline silicon samples. 

I tt is illustrated in Fig. 4.4 for low intensity visible excitation. A FEL pulse at 

^FEL^FEL = 10 A*m was applied with a delay of 12 ms. In order to establish whether 

thee enhancement effect is exclusively related to Er PL. the spectral dependence 

off  the integrated FEL-induced signal (marked in the figure) was measured. The 

result,, depicted in the inset of the figure, shows that additional emission appears 

onlyy at the Er-characteristic wavelength around Afi> = 1.54 (im. From Fig. 4.4 

wee also note that, in contrast to the earlier discussed Er PL excited by a band-

to-bandd pump pulse, the MIR-activated Er PL contains only the fast-decaying 

componentt with T\ « 1 ms. At the same time, the enhancement of the fast signal 

iss accompanied by a clear quenching of the slow one. Figure 4.5 illustrates how the 

magnitudee of the effect depends on the delay time between the FEL and the pump 
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Figuree 4.3: Er PL dynamics detected with a PMT at T = 4-2 K for two different 

pumppump power densities. The inset shows the power dependence of the slow and the 

fastfast components. As can be seen, the amplitude of the slow component saturates 

earlier.earlier. The solid lines are to guide the eye. 

pulses,, under conditions of high - 4.5(a), and low - 4.5(b) pump excitation density. 

Thee different signal rise time in both figures is related to the different detectors 

usedd for the two excitation regimes. The insets of both figures show the kinetics 

off  the enhancement effect. As can be seen, under conditions of strong pumping 

thee amplitude of the MIR-induced PL gradually increases for short delay times, 

reachess a maximum, and subsequently decreases with a very large time constant. 

Forr weak pumping, the enhancement effect sets in immediately, and then decreases 

withh the same time constant as for the strong pumping case. The MIR-induced 

enhancementt effect of the Er PL is not a linear process, as depicted in Fig. 4.6. 

wheree it is illustrated for different pulse energies of the FEL for a wavelength of 

XpELXpEL = 8 (im. Experimentally this was achieved by placing attenuators in the FEL 

beam.. From the inset of the figure we conclude that saturation is reached within 

thee available power range. We also note that the magnitudes of the enhancement 

off  the fast component of the PL signal and of the quenching of the slow one are 

mutuallyy related. When the enhancement is saturated, the slow component is 
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completelyy removed. 
Finally,, the influence of the lattice temperature on the MIR-induced changes 

off  the Si:Er PL was investigated. The effect of the FEL pulse applied with a 
fixedd delay at three different temperatures is depicted in Fig. 4.7. The intensity 
off  the initial PL response to the pump pulse has been normalized for clarity of 
comparison.. We note that the relative contribution of the slow component to the 
totall  PL signal decreases at higher temperatures, and so does the amplitude of 
thee FEL-activated emission. At a temperature of approximately 40 K, the Er PL 
enhancementt is almost absent. 

4.44 Discussion 

4.4.11 Preliminaries 

Thee photoluminescence intensity is proportional to the number of emitting centers, 
inn our case Er3+ ions in the excited state, divided by the radiative decay time: 

k a ^ .. (4-1) 
'rad 'rad 

Inn the ideal case, when photon emission is the only recombination path, it is 
possiblee to determine precisely the excited-state lifetime from PL kinetics. How-
ever,, it is commonly found that non-radiative de-excitation paths are simulta-
neouslyy present, shortening the excited-state lifetime. The effective decay time 
(r(r eeff)ff) will result from a combination of radiative (rrad) and non-radiative (Tnrad) 
processes,, r~h = r~ d̂ + T~ âd. Both components are entangled and difficult to 
separate.. We note that when the excitation is turned off the relative importance 
off  the individual mechanisms of non-radiative recombination may vary with time, 
thuss leading to a time dependent form of reff. At low temperatures, radiative 
recombinationn is dominant, but non-radiative processes become more important 
withh increasing temperature. In the research on Si:Er, we have to take into ac-
countt several mechanisms of non-radiative recombination. The Auger process is 
onee of them. Electrons/holes in the conduction/valence band thermally ionized 
fromm shallow traps interact strongly with Er3+ ions in the excited state [27]. Due 
too the fact that non-radiative relaxation is an intrinsically fast process, we usually 
havee Tnrad < rrad. These parallel recombination paths can be activated thermally, 
butt will also appear under conditions of high pump density. Due to presence of free 
carriers,, the kinetics will show a fast initial decay and a shortening of the entire 
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Figuree 4.4: Illustration of the MIR-induced PL enhancement observed at T = 4.2 

KK and detected with a Ge detector. The FEL pulse (XFEL = 10 fim) was fired with 

aa delay of At = 12 ms after Nd: YAG laser. In the inset, the spectral characteristics 

ofof the MIR-induced PL is shown: the marked area under the curve is plotted as a 

functionfunction of the emission wavelength. The MIR-induced PL is clearly related to the 

ErEr emission. 

lifetimee [40]. Similarly, under continuous illumination, an equilibrium concentra-

tionn of free carriers in the band wil l interact with Er3+ ions. After the excitation 

iss switched off. the Auger effect, which is directly related to the concentration of 

carriers,, wil l change with time. At higher temperatures, another non-radiative 

de-excitationn mechanism, the so-called "back transfer" process [27, 44], wil l further 

hamperr Er PL. The back transfer was first proposed for the InP:Yb system [45] 

andd later adopted for Si:Er. The main idea is that, by absorbing phonons. the 

excitationn process is reversed and the energy is transferred from Er3+ ions in the 

excitedd state (Er3+)*  back to the intermediate stage. In addition to these pro-

cesses,, a possibility of non-radiative recombination by multiphonon relaxation is 

sometimess considered, as well as energy migration between individual Er-related 

centers,, provided that their concentration is sufficiently high. Experimentally, the 

exchangee of energy between centers will lead to a stretched-exponent character of 
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Figuree 4.5: Temporal characteristics of the MIR-induced Er PL enhancement under 

highhigh (a) and low (b) pump power densities, respectively. The inset shows the 

amplitudeamplitude of the enhancement effect as a function of the delay time. For high power 

thethe magnitude of the enhancement shows a rise time of Trisc « 1 ms, while for low 

powerpower an immediate enhancement is observed. The enhancement effect disappears 

alwaysalways with the same decay time constant Tdecay « 26 ms. Measurements are taken 

atat T = 4.2 K using a PMT and a Ge detector, for the high and the low excitation 

powerpower regimes, respectively. 

thee PL kinetics [46, 47] as common for random processes. 

Surprisinglyy few reports are available on the Er PL dynamics at cryogenic 

temperatures.. It has been observed that Er forms a variety of different optically 

activee centers [48], showing clearly different PL spectra. However, similar decay 

timee constants were observed for all of them [49]. In contrast to the above, small 

lifetimee differences are reported, see e.g. [33. 41], for Er in differently prepared 

sampless (e.g.: different host materials, different implantation energies, annealing 

treatment,, etc.). Such differences are probably due to different non-radiative pro-

cessess active in these materials. 

4.4.22 Kinetics of the Er3+ PL signal 

Thee simplest function that gives a good agreement with the experimental trace 

depictedd in Fig. 4.1 is a double exponential decay, Ipi = A\exp[—^] + 
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AA22exp[£^].exp[£^]. From a fit starting at t0 w 300 fis to avoid the influence of the 

detectorr response time, we have determined two lifetimes: a fast component of 

7"ii  ~ 1 ms and a very slow component of r2 sa 26 ms with a ratio of A2j'A\ « 

0.025.. We identify TX « 1 ms as the lifetime of the Er ions in the first excited state 
4 / i 3 / 2 .. as commonly assumed [4. 44] and wil l denote it further as rEr. We note 

thatt this TET is clearly shorter than the estimated purely radiative recombination 

timee rrad % 20 ms [50]. 

Microscopicc identification of the slow component is less straight forward. The 

sloww component has a small amplitude and is difficult to detect, using a short 

t imee window; consequently, it is easily overlooked in an experiment. The slow 

componentt disappears at temperatures above 40 K and was observed in all the 

sampless investigated here. Its amplitude and lifetime were sample dependent, 

varyingg between 20 and 100 ms. More information about the slow component 

cann be found in Fig. 4.2, where the time-resolved spectrum is shown. To analyze 

whetherr the slow emission has a specific wavelength dependence, spectra for the 

fastt and the slow component were experimentally separated. The signal amplitude 

integratedd over the time window from 1 to 8 ms contains in major proportion the 

Tii  « 1 ms component, while the amplitude integrated from 30 to 150 ms carries 

onlyy information on the slow component. As can be seen in the inset of the figure, 

withinn our spectral resolution, both components have the same spectral response 

ass in the inset of Fig. 4.1 and are therefore uniquely related to emission from Er3+ 

ions. . 

Thee pump excitation density can also be used to separate the two components. 

Inn Fig. 4.3 we show the kinetics of the PL intensity at 1.54 fim for two different 

pumpp powers. The slow component saturates at a lower power than the fast one, 

ass shown in the inset. For very low excitation densities, the PL signal is dominated 

byy the slow component. 

4.4.33 Mathematical description of the excitation and the 
de-excitationn process 

Ass a first approximation of the problem, we consider that the two PL components 

identifiedd in the kinetics arise from two independent contributions superimposed at 

thee Er3+ characteristic wavelength of A = 1.54 /mi. The simplest way to describe 

thee phenomenon is to relate the two lifetime values to recombination of two types of 

Er-relatedd centers, e.g.: Er ions in two different environments. The rate equations 

forr the system wil l have the following form: 
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Figuree 4.6: T/ie e/fee£ o/ the FEL pulse energy (three different settings) on the 

amplitudeamplitude of the MIR-induced Er PL PL enhancement (\FEL = 8 fim, At = 1 ms. 

TT = 4.2 K, Ge detector). In the inset, the power dependence of the enhancement 

andand the quench amplitude (measured attEx 1.8 ms and t g « 10 ms. respectively) 

areare compared. The mutual relation of both effects is evident. 
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(4.2) ) 

(4.3) ) 

(4.4) ) 
dtdt ' ' ' TET2 

wheree Ne-h, Ngrl, NEr2 and T0 denote the number of electron-hole pairs, the num-

berr of Er ions in the excited state from the species 1 and 2, and the effective 

lifetimee of electron-hole pairs, respectively. A short band-to-band excitation pulse 

byy the Nd:YAG laser [5(t)]  wil l create electron-hole pairs in the system (Ne-h) with 

generationn rate G5(t). The number of electron-hole pairs wil l decrease exponen-

tiallyy according to the solution of Eq. (4.2). An effective time constant of T0 wil l 

predominantlyy indicate a non-radiative process, since radiative recombination of 
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Figuree 4.7: MIR-induced Er PL at different temperatures. The PL intensity has 

beenbeen normalized for clarity. The afterglow and the MIR-induced Er PL enhance-

mentment effect disappear gradually upon temperature increase. 

electron-holee pairs in silicon has low probability. In the literature, we find several 

mechanismss for Er3+ optical excitation: an electron from an Er-related level recom-

biningg with a hole in the valence band [28]. a free exciton bound at an Er-related 

levell  forming an intermediate state of a bound exciton character [31], or a resonant 

excitationn via a A'2 conduction subband [29] among others. The common feature 

off  all of them is that non-radiative recombination of at least two particles transfers 

energyy to the 4/-shell of the Er3+ ions. Therefore, in our description we consider 

Err excitation by electron-hole pair recombination with energy transfer in an Auger 

processs to the 4/-shell. Because the two PL components have different amplitudes 

andd can saturate (Fig. 4.3). we introduce individual capture coefficients (C\ and 

C2).. lifetimes (TET1 and TEr2). and saturation terms (N$f and N^f) for the two 

kindss of centers. Once we have solved Eqs.(4.3) and (4.4). taking into account 

thee initial conditions N*Erl{t = 0) = 0 and N*Er2(t = 0) = 0, we superimpose 

bothh signals keeping in mind Eq. (4.1). In this way. good agreement with the 

experimentall  PL dynamics can be obtained. Following the excitation pulse, the 

PLL signal initiall y rises with a time constant determined by the electron-hole pair 
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lifetime,, and then decays with TEV and T2. 

Whilee such a mathematical description of the experimental results is correct, 

wee note that according to our findings, the decay time of the slow component 

changess from sample to sample (20 - 100 ms range) and its microscopic origin is 

nott clear. Moreover, there is no particular justification for the existence of only 

twoo different optically active Er centers, and not more. 

4.4.44 Microscopic origin of the slow PL signal 

Untill  now we have considered that the excitation mechanism of Er3+ ions by an 

intermediatee state, in our description assumed to be an electron-hole pair, was 

fast,, i.e.: r0 < TET,T2. This assumption can indeed be supported by Fig. 4.2 or by 

Fig.. 4.3. In the depicted kinetics recorded with a fast PMT detector, we do not 

findd any real rise time, which in the assumed excitation model, should correspond 

too the effective energy transfer time to the 4 ƒ-shell. The experimentally observed 

risee time of the signal reflects the detector response time. We recall that fast 

energyy transfer was also postulated by Taguchi et al. [51], using the same type of 

detector. . 

Wee wil l now consider here another kind of intermediate state, with a very slow 

Err pumping rate, in order to explain the appearance of the slow component. Let us 

supposee that, following band-to-band excitation, one kind of emitting Er centers 

iss excited through an intermediate state, labelled A. The relevant rate equations 

wil ll  be: 

AA A A 

(4.5) ) 

(4.6) ) 

wheree Ttr is the time for energy transfer from A to the Er ions. The PL intensity 

IETIET from the solution of Eqs. (4.5) and (4.6), with the initial conditions that 

A(tA(t — 0) — A0 (we assume the instantaneous creation of the intermediate state) 

andd NEr(t = 0) = 0 wil l be: 

tt \ ft 
expexp l J — exp I 

dA dA 
~dï ~dï 

dNdNEr Er 

dt dt 
A A 

TTtr tr 

A A 
TTtr tr 

--
AT* * 

1~Er 1~Er 

.. ^ , . „„ r . , . (4.7) 
{TEr{TEr — Ttr) [ \ TErJ \ rtr 

Usingg a fixed value of the Er decay time TET ~ 1 ms, we wil l consider this 

solutionn for rtr « TET and for rtr » TET- If Ttr « TET, the signal wil l rise with 

thee transfer time and wil l decay with TEr (~ 1 ms ), as expected. When the transfer 
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t imee is very fast (nanosecond scale) then the detector response time constant wil l 

controll  the rise of IET-, as seen in Fig. 4.1. We note that a similar situation wil l 

occurr when the lifetime of the intermediate state A is affected by an alternative 

recombinationn process (ra; (). In such a case, Eq. (4.5) wil l change to: 

^A--A-A.-^A--A-A.-  A. 
dtdt ~ TtT TM ~ Tt

e/f'  { '  } 

Iff  the transfer to NEr is of a ^s scale and the non-radiative recombination not 

leadingg to Er3+ excitation is characterized by a ra/f of a few ns, the resulting rf/ 

wil ll  be of the same order of magnitude. The experimentally observed IET wil l rise 

veryy fast, while the real transfer time to the Er3+ ions wil l be much slower. 

Ann interesting situation occurs when the transfer time is longer than the life-

timee of Er: Ttr >>  TET- In this specific case, IET wil l rise with a rEr « 1 ms 

timee constant and decay with rtr. We can therefore explain the experimentally 

measuredd kinetics of Er PL as a superposition of signals generated via fast and 

sloww intermediate states, with the contribution from the fast one being much big-

gerr than that from the slow one. The time constant of rEr = 1 ms wil l represent 

thee lifetime of Er in the excited state, while the time constant of T2 = 26 ms wil l 

reflectt a slow excitation time and not a slow recombination process. Such a slow 

excitationn process could be realized by thermal release of free carriers generated 

byy the band-to-band laser pulse and captured at shallow traps. Indeed, a short 

band-to-bandd pulse wil l create free carriers whose recombination wil l excite Er3+ 

ionss in a fast Auger process. These will subsequently emit with the characteristic 

decayy time of TET ~ 1 ms. However, free carriers wil l also be captured at traps, 

whosee origin can be related to the implantation damage or to the impurity con-

taminationn of the host. The recombination of non-equilibrium carriers captured 

att t raps involves their thermal emission to the band and its probability is small at 

loww temperatures. The thermal emission rate R of trapped carriers [3], depends 

onn temperature and on the trap ionization energy Etrap: 

RR = NBa<v>=  10llexp ( ~ f ^ ) , (4-9) 

wheree NB (NC,NV), < v >, and a are the density of states in the (conduc-

tion/valence)) band, the average thermal carrier velocity and a ionization coeffi-

cient,, respectively. Taking typical energy of a shallow trap in Si, by the effective 

masss theory, to be Etrap i=» 45 meV we obtain that the lifetime of a non-equilibrium 

trapp is around 30 ms at a temperature of about 20 K and lowers below ~ 1 fjs 

abovee 45 K. We propose that the slow component (j? ~ 26 ms) appearing in Er PL 
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iss due to excitation of Er3+ ions by recombination of carriers thermally released 
fromm traps with carriers of the opposite type available at the Er-related recombi-
nationn centers. Such a mechanism resembles very much the afterglow effect, well 
knownn for phosphor materials used in optoelectronics [52], but to our knowledge, 
hass never before been reported for silicon. The proposed identification is supported 
byy results obtained for the same material in two-color spectroscopy in the mid-IR, 
ass discussed in the next section. 

4.4.55 MIR-induced Er PL enhancement 

InIn earlier work [43], the MIR-induced Er PL enhancement effect as a function 
off  the energy of the incident photons was investigated. Based on those studies, 
itit  was concluded that ionization of carriers from shallow traps was responsible 
forr the effect, with the wavelength dependence of the ionization cross section [53] 
formingg a fingerprint of the involved traps. In this contribution, we have further 
investigatedd the temporal characteristics of the enhancement of the PL, in order 
too establish its possible link with the afterglow effect reported here for the Si:Er 
material. . 

Inn Figure 4.4, we show the Er PL enhancement effect as observed for low pump 
intensitiess at a delay At = 12 ms between the visible and FEL pulses. The MIR 
radiationn set at XFEL — 12 /im is attenuated by 8 dB in order to avoid saturation. 
Ass can be seen, under these conditions the amplitude of the MIR-induced PL 
signall  is comparable to that of the signal generated by the band-to-band primary 
excitation.. The dynamics of the FEL-induced PL is similar to the fast component 
observedd in Fig. 4.1 and assigned to the decay of Er3+ ions, TET- The identification 
off  the extra PL as the Er3+ emission is also supported by the spectral dependence 
indicatedd in the inset of the figure. This shows that the enhancement appears 
exclusivelyy at the characteristic erbium wavelength of A = 1.54 /im. The temporal 
behaviorr of the enhancement effect is depicted in Fig. 4.5(a) and Fig. 4.5(b) for 
highh and low pump densities, respectively. As reported earlier [54], in Fig. 4.5(a) 
thee additional Er PL cannot be seen for short delays (At < 1 ms). The effect 
appearss for longer delay time values and diminishes on a ~ 10 ms time scale. This 
iss shown by the fitting illustrated in the inset of Fig. 4.5(a) where we have used 
thee same parameters as found for the slow and the fast components in Fig. 4.1. 
Goodd agreement is obtained. 

Thee ~ 1 ms increase of the MIR-induced PL is difficult to explain if we assume 
thatt ionization of non-equilibrium shallow traps is responsible for the enhancement. 
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Capturee of non-equilibrium carriers by traps in silicon is fast and therefore their 

ionizationn by the FEL should be possible immediately after the pump pulse. This 

iss clearly not the case. However, under pulsed excitation conditions it is easily 

possiblee to saturate the Er PL, as seen in Fig. 4.3. Figure 4.5(b) shows the MIR-

inducedd enhancement effect measured under low excitation density, using the Ge 

detectorr for better sensitivity. In this case, the incubation time of 1 ms is no longer 

present,, while the enhancement effect disappears with a decay time that has the 

samee value as in Fig. 4.5(a). The observation of a rise time in Fig. 4.5(a) can now 

bee explained by saturation of the Er PL by the visible pulse. The MIR-induced 

enhancementt decays with a lifetime of 26 ms which is the same as obtained for 

thee afterglow effect in the fit  illustrated in Fig. 4.1. It is possible to ionize the 

trapss at any time, but the magnitude of the effect wil l be proportional to the 

actuall  number of populated traps. For short delay times between the two laser 

pulses,, the traps wil l have the maximum number of carriers and the enhancement 

effectt wil l be large. As the delay time is increased, the number of carriers wil l 

decreasee due to the thermalization, and the magnitude of enhancement effect wil l 

graduallyy reduce. In this way, the enhancement and the afterglow effects are 

mutuallyy related. This is further supported by observation of a clear quench of 

thee afterglow luminescence which follows the Er PL enhancement - see Fig. 4.4 

andd Fig. 4.5(b). A quantitative description of the relation of both components is 

givenn in the next section. 

4.4.66 Microscopic model 

Inn Fig. 4.8, we schematically illustrate the microscopic model proposed to explain 

thee origin of the observed effects. After band-to-band excitation by a Nd:YAG 

pulsedd laser, the Er3+ ions are excited by an Auger recombination of electron-hole 

pairs.. Parallel to this process, free carriers are captured at shallow traps. In the 

cartoon,, these are depicted as electron traps, but from our data we cannot conclude 

whetherr electron or hole traps are involved in the proposed mechanism. We fur-

therr assume that recombination of the trapped carriers and return to equilibrium 

proceedss mainly via their thermal re-emission to the band. This process wil l pro-

videe an additional channel of slow excitation for the Er3+ ions. Since excitation 

off  Er3+ requires recombination of two carriers of opposite types, we assume that 

thee second carrier is captured at an Er-related center immediately after the visi-

blee laser pulse. Alternatively to thermalization, carriers can be optically released 

fromm the traps by the FEL pulse, giving rise to an abrupt increase of the Er PL, 
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Figuree 4.8: Microscopic model of the afterglow effect and the MIR-induced Er PL 

effects.effects. Trapping of electrons has been assumed for purpose of illustration of the 

samesame mechanism. For a detailed explanation see text. 

detectedd as a MIR-induced enhancement effect. For the sake of completeness, we 

notee that bound excitions (BE) readily formed in Si at low temperatures, cannot 

bee responsible for the enhancement effect due to their short lifetime (of the order 

off  ns for donor/acceptor BE or about up to 100 /is for isoelectronic BE). The 

mathematicall  model of the proposed process is very similar to Eqs. (4.2) - (4.4). 

N%N%r2r2 is now replaced by N T̂aps being the number of filled traps, r£ r 2 by a thermal-

izationn time Ttraps, and N^f by the total number of available traps Nj:"^. At the 

timee that the FEL is fired at the sample {tFEL), ionization occurs. We consider a 

neww generation term GFEL which is proportional to the number of traps filled at 

thatt moment (t = tpEL,)-

G G FEL FEL QQNNtrapsetrapse FEL)- (4.10) ) 

Thee factor q represents the efficiency of the ionization process and its value wil l 

varyy between 0 < q < 1 depending on the ionization cross section (a) and the flux 

off  MI R photons (0), q a <pa. The new set of rate equations describing the system 

afterr the FEL pulse, i.e. for t' > tFEL wil l be: 

dNe-dNe-
dt' dt' 

GGFFELS(t ELS(t 
Xr Xr 

M) ) 

(4.11) ) 
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Figuree 4.9: Comparison of experimental data on the FEL-induced PL with a si-

mulationmulation by the kinetic model based on Eqs. J^.ll - \.13. As can be seen, the 

enhancementenhancement of the Er excitation and the accompanying quench of the afterglow 

areare well reproduced (XFEL =10 fim, T = \.2 K, PMT detector). 
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wheree t e (tpEL, oo). The initial conditions wil l be N*Er(t = tpEL) 

andd N£raps(t = tpEi) = 0 if all the traps are ionized by the FEL pulse. In Fig. 

4.99 we show that for a fixed delay time, a simulation using the above model (Eqs. 

4.111 - 4.13) can reproduce the experimental data very well. We note, that in 

orderr to reproduce results obtained with a slow detector - e.g. the FEL-induced 

enhancementt depicted in Fig. 4.4 - the kinetic changes obtained as solutions to 

(Eqs.. 4.11 - 4.13) have to be convoluted with the detector response time. Also in 

suchh a case (not shown), perfect agreement with the experiment is obtained, thus 

supportingg the proposed model and its assumptions. 
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Thee microscopic model linking the FEL-induced excitation of Er and the ther-
mall  depopulation of non-equilibrium traps available in the host is further confirmed 
byy experiments at higher temperatures. This is illustrated in Fig. 4.7 where the 
dynamicss of the Er PL is shown for T — 20, 30 and 40 K. As the temperature 
rises,, non-radiative processes gain in importance. Consequently, the amplitude of 
thee Er PL will be lower. In Fig. 4.7, the PL intensity has been normalized: in 
thiss way the decrease of the afterglow and of the amplitude of the enhancement 
effectt can clearly be seen. This is due to an increase of the thermal emission rate 
att higher temperatures, and a faster return to equilibrium. We can observe that 
thee afterglow and the FEL-induced enhancement effects disappear simultaneously 
andd are no longer present above 45 K. This confirms the mutual relation of both 
effectss and evidences also the shallow character of the traps responsible for carrier 
trappingg and storage. 

4.55 Conclusions 

Basedd on the presented results obtained at cryogenic temperatures, we conclude 
thatt recombination of carriers, released thermally from non-equilibrium traps avai-
lablee in silicon and populated by a visible pump pulse, is responsible for an af-
tergloww effect of the slowly decaying component of the Er PL. Furthermore, by 
two-colorr spectroscopy with a FEL, we show that the MIR-induced enhancement 
effectt of the Er PL results from optical ionization of the same shallow centers. A 
linkk between the afterglow effect and the MIR-induced Er PL enhancement is con-
clusivelyy established. When the temperature increases, the magnitudes of both 
effectss diminish, as thermalization of trapped carriers accelerates. A simple ki-
neticc model is proposed and shown to give excellent account of the experimentally 
measuredd amplitude of the Er PL enhancement for different delay times. 
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Chapterr 5 

Silicon-basedd all-optical memory 
elementss for 1.54 /am photonics 

BasedBased on the investigations in Chapter 4 we present experimental evidence of an 
opticaloptical memory effect. An all-optical all-silicon memory element for use in pho-
tonictonic circuits is proposed. 

5.11 Introductio n 

Whilee novel electronic materials, e.g. GaN, find their dedicated application areas, 
crystallinee silicon (c-Si) continues to dominate the mainstream integrated circuit 
devicee manufacturing. However, applications of this most important semiconduc-
torr material remain electronic rather than photonic. Due to its electronic structure, 
featuringg a rather small and indirect band gap, Si is a poor light emitter. Although 
variouss approaches to Si photonics [55, 56, 57, 58] have been actively explored, la-
singg action still has not been demonstrated, and reports on optical gain [59] or 
evenn intense room-temperature emission [18] from Si structures remain controver-
sial.. In spite of these limitations, c-Si features properties that are potentially very 
attractivee for optical applications. The most prominent of these is an unsurpassed 
levell  of impurity control that leads to suppression of non-radiative recombinations 
andd provides for a very long minority carrier lifetime. Recent investigations, uti-
lizingg a free-electron laser, reveal that Si exhibits afterglow and optical memory 
effects,, typical features of well-known optical materials, e.g. phosphors. These 
findingsfindings open new prospects for development of Si-based optical elements that 
couldd find applications not only in telecommunication networks at 1.54 /xm but 
alsoo in quantum computing schemes [60]. 

61 1 
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Timee (ms) 

Figuree 5.1: The optical memory effect observed for Si:Er at cryogenic temperature. 

AA schematic experimental set-up for the two-color experiment is given in the inset. 

Duringg the past 30 years, considerable research effort has been devoted to the 

designn of optical storage devices for use in an all-photonic technology. In spite 

off  the obvious commercial success of high-density magneto-optical storage sys-

temss and the dye-based write-once discs, vigorous activity continues regarding 

thee development of non-magnetic, all-optical storage media. Until now. most of 

thesee investigations have been focused on electron trapping at deep centers and/or 

structurall  transformations of centers upon carrier trapping (e.g. DX centers in 

III- VV semiconductors). Read/write data transfer rates in this case are expected to 

bee very fast, as the process is photonic (photon-electron interaction) rather than 

thermall  in nature. In addition, the optical memory effect has been investigated 

inn A1N ceramics, AlGaAs alloys, and GaN [61]. In these technologies, informa-

tionn is written when photoionization of deep electron traps effectively sensitizes 

thesee materials by generating metastable states that modulate their electric and/or 

opticall  properties. Exposing the sensitized areas to a "reading" laser beam can re-

trievee the optically written information. As a result, electrons are liberated from 

thee traps and recombine. thereby producing photons. Another approach involves 

holographicc storage making use of the diffraction of a laser beam due to variations 
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Figuree 5.2: Schematic illustration of the physical mechanism responsible for the 

opticaloptical memory effect in c-Si. (a) A laser pulse at Xt produces band-to-band exci-

tation,tation, filling available trapping centers TC. and also exciting optical dopants via 

recombinationrecombination centers RC, giving rise to the signal at A3, (b) Following the pump 

pulse,pulse, a non-equilibrium situation is created in which some carriers are temporarily 

storedstored at the TC. (c) A second laser pulse at X2 releases carriers giving rise to the 

signalsignal at A ,5. 

off  the refractive index induced by a local change of space charge [62]. In case of 

GaN,, it has been observed that the intensity of near band edge photo-luminescence 

att room temperature is significantly reduced in areas that have been exposed to a 

sufficientlyy high dose of ultra-violet radiation [61]. Up to the present, observation 

off  an optical memory effect has not been reported for the most important electronic 

materiall  c-Si. Optical doping, i.e.. introduction of efficient radiative recombina-

tionn centers, significantly enhances the photonic properties of Si. In this approach, 

thee role of Si is to provide excitation of the optical dopant through host-dopant 

energyy transfer. Erbium has been the main optical dopant under investigation, 

sincee the trivalent Er ion emits at a wavelength of 1.54 /jm that is suitable for 

telecommunicationn applications. 
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Mid-infraredd (MIR) spectroscopy using a free-electron laser (FEL), operating 

inn the 7 - 17 fim range, is a powerful tool for studying optically-doped Si. In 

conjunctionn with band-to-band excitation from a second laser, thermal effects in 

thee ground and excited states of the optical dopant can be studied. Furthermore, 

byy using pulsed band-to-band excitation, it offers the possibility to probe non-

equilibriumm and metastable states. Such a two-color experiment is schematically 

illustratedd in the inset of Fig. 5.1, (see [42] for a more detailed description). A Si:Er 

samplee is placed in a variable temperature cryostat and exposed to a visible laser 

beamm at a wavelength Aj providing band-to-band excitation, leading to emission 

fromm the optical dopant at a wavelength A3. After an adjustable time delay At, a 

FELL pulse, at a selected MI R wavelength A2, impinges on the sample influencing 

thee output signal. The change of emission (intensity, dynamics) is then measured 

ass function of wavelength, timing, and power of the MIR pulse. This unique, 

state-of-the-artt experimental approach has revealed a wealth of new information 

onn optically-doped semiconductor materials as seen in Chapter 4. 

Forr the Si:Er system, many of the effects observed in the MI R two-color ex-

perimentss are, in fact, manifestations of the properties of Si itself, conveniently 

revealedd by the optical dopant. MIR ionization increases the rate of very slow 

thermall  energy transfers, which otherwise easily escape detection. In this way, 

thee prominent role of non-equilibrium traps in the energy storage process could be 

deducedd [43]. 

5.22 Results and conclusions 

Figuree 5.1 demonstrates the memory effect observed for Si:Er. Following the band-

to-bandd pump pulse (Ai) free electrons and holes are generated in the Si host. 

Thesee carriers are captured by trapping centers (TC) and by recombination cen-

terss (RC) available in the Si material. Excitation of optical dopants takes place 

viaa particular RC that transfer energy to the dopant. This is followed by optical 

emissionn (A3) giving rise to the initial photoluminescence (PL) peak at t = 0. After 

aa fast rise in the PL intensity, the signal decays on the order of few ms. However, 

theree exists a competition between optical dopants and other (single) carrier traps 

TCC for capture of the electron and hole pairs. Therefore, an additional excita-

tionn of optical dopants is possible upon release of carriers initiall y captured and 

temporarilyy "stored"at single-carrier non-equilibrium traps TC. This can be ac-

complishedd thermally, giving rise to a slowly decaying "afterglow" component in 

thee PL signal, with the kinetics determined by thermal escape of the trapped car-
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riers.. Carrier release can also be optically induced by a MIR laser pulse (A2) at 
tt = At. Application of the second laser pulse results in carrier release from the 
single-carrierr traps and subsequent energy transfer to the optical dopants. This 
leadss to an abrupt increase of the PL signal, accompanied by a simultaneous re-
ductionn of the slow "afterglow" tail, as seen in Fig. 5.1. A similar memory effect 
(off  different kinetics) was also observed for silver-doped Si materials [63]. After-
glow,, a well-known effect in thermoluminescent optical materials, is a long-term 
emissionn due to a very slow pumping of optical dopants by carriers being ther-
mallyy released from shallow trapping centers. Alternatively, carriers localized in 
shalloww traps can be released optically by a laser pulse, such as the FEL signal. 
Thiss mechanism is somewhat similar to that responsible for the persistent photo-
conductivityy frequently observed in III-V materials. The difference is that in the 
latterr case persistent effects are related to (configurational) metastability of defect 
centers,, while the afterglow is an inherent feature of the Si host, originating from 
thee (indirect) band structure, the presence of carrier traps, and the suppression of 
non-radiativee recombinations possible in the c-Si host. Since the emission of the 
dopantt is controlled by the optical ionization of traps previously populated by the 
pumpp pulse, it represents a "memory effect". Application of the MIR ("reading") 
pulsee generates a signal only if it follows shortly after the pump ("writing") pulse. 
Thee physical basis of the memory effect in c-Si is schematically illustrated in Fig. 
5.2.. It comprises the following steps: 

1.. A laser pulse (Ai) produces band-to-band excitation fillin g available single 
carrierr TC, and also exciting the dopant ions (Er or Ag) which act as two-
carrierr (e+h) RC giving rise to the signal (A3). 

2.. Following the pump pulse, a non-equilibrium situation is created in which 
somee carriers are temporarily stored at TC. 

3.. The "non-equilibrium" carriers can be released either thermally, leading to 
aftergloww over a time of tens of ms, or optically, through a second laser pulse 
(A2)) producing the signal (A3), respectively. 

Thiss phenomenon indicates that a Si-based optical storage element could be formed 
basedd on the optical memory effect. The concept is depicted in Fig. 5.3. Infor-
mationn is written over an areal extent of the Si element with a laser at a visible 
wavelengthh Ai. This could be done by separate pulses addressing different posi-
tions,, or by scanning with a laser beam (carrying a time sequence of pulses) onto 
thee element. A reading beam operating at a MIR wavelength A2, recovers the 
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informationn stored within the memory time window. The information, emitted at 

thee characteristic wavelength A3 of the optical dopant, can be retrieved simulta-

neouslyy or sequentially. The stored information may be removed with an erasing 

beam,, not depicted in the figure. 

Thee particular conditions under which the memory effect was observed - cryo-

genicc temperatures and use of FEL beam - are not attractive for practical appli-

cations.. However, since it is controlled by the carrier traps available in the Si. 

thee memory effect can be optimized through proper engineering of the TC. In this 

manner,, the amplitude of the response can be maximized, its temperature stability 

improved,, and the characteristic archival time constant adjusted. In particular, 

archivall  time and temperature range of the Si memory effect are determined by 

thee escape time of carriers stored at the TC by the "writing"beam. This process 

iss thermally activated and depends upon temperature and the trap ionization en-

ergy.. In our reported research, the Si optical memory effect was observed bekw 

500 K. indicating participation of relatively shallow centers. It seems plausible that 

deeperr dopants, such as the double acceptors Zn and Mg. could improve the car-

rierr storage properties. Through introduction of appropriate dopants, selected for 

sufficientt carrier trapping cross-section and large ionization energy, the occurrence 

off  the memory effect should be extended to a higher temperature range, and the 

characteristicc archival time could be significantly increased. Furthermore, the use 

off  the FEL for the reading pulse does not seem necessary. Since the second laser 

beamm at A2 produces a bound-to-free carrier transition, the only condition is that 

thee laser energy be more than the ionization value. Investigations of the depen-

dencee of the magnitude of the MIR-induced PL signal on the wavelength A2 of the 

secondd laser beam, indeed confirm that other laser sources, in particular the C 02 

laser,, can be considered. Since Si is practically transparent in the MIR range, a 

powerfull  C 02 laser pulse can be used to simultaneously retrieve information stored 

inn a large area of the sample. An image "written"during the time window of the 

memoryy effect could be recovered as an entire entity, as indicated in Fig. 5.3b. 

Moreover,, experimental evidence shows that signals can also be recovered even 

wit hh an IR pulse of A2 as 1.5 - 2.2 /mi. Finally, we note that the "writing'Taser 

pulsee at Ai does not have to be very powerful, as carrier capture cross-sections 

off  the trapping centers usually exceed these of recombination centers responsi-

blee for excitation of optical dopants. A separate issue is the development of an 

appropriatee "erasing" procedure. Our on-going study shows that erasing of the 

storedd information could be achieved through an exciton-phonon coupling effect. 

Inn particular, the Si-0 vibrational band can be conveniently used for this purpose. 
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Figuree 5.3: A Si-based optical data storage element, (a) Information is written on 

anan areal extent of the element with a laser beam at a Xt wavelength, (b) A second 

laserlaser operating at \ 2 retrieves the stored information. The signal at the X3 « 1.54 

fim,fim, wavelength is suitable for optical networks. 

Detailedd investigations of the MIR-induced emission of Si:Er show that this exci-

tationn mechanism is governed by the ionization of a single type of charge carrier, 

ass we wil l show in Chapter 6. This implies that hole and electron capture events 

could,, in principle, be separated in time. Therefore it appears possible to combine 

opticall  and electrical procedures: the preparation of the system for excitation by 

localizationn of the primary carrier ("writing") , or inducing emission by providing 

freee carriers for exciton recombination ("reading"), could be accomplished by elec-

tricall  injection of appropriate carriers. The possible extension toward operational 

higherr temperatures would allow the ultimate goal of room-temperature photonic 

applicationss and on-chip-integrated optoelectronics. Coupled with advanced Si 

processingg technology, the Si-based optical effect could lead to the development of 

nano-scalee photonic circuits. A new class of true optoelectronic Si-based devices 

mayy be forthcoming. 
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Chapterr 6 

Microscopicc model for a 
non-excitonicc mechanism of 1.5 
/imm photoluminescence of the 
E r3++ ion in crystall ine Si 

TheThe excitation mechanisms of the Er3+ ion in crystalline silicon, responsible for 
thethe photoluminescence at A « 1.54 A*m> are reexamined in view of the new infor-
mationmation revealed for this system in Chapter 4- We argue that the appearance of 
thethe mid-infrared induced emission from the 4Iis/2 excited state of Er3+ and the 
recentlyrecently identified afterglow effect represent characteristic fingerprints of a spe-
cificcific and so far unrecognized excitation path, different from the usually considered 
exciton-mediatedexciton-mediated energy transfer. We propose a microscopic model for this mecha-
nism,nism, where excitation of Er3+ is accomplished in two distinct steps: electron local-
izationization at an Er-related donor level and its subsequent recombination with a hole. 
TheseThese two stages can be separated in time, leading to a situation where the appear-
anceance of Er photoluminescence is controlled by the availability of one carrier type 
only.only. We propose a set of rate equations to describe this process and show that the 
experimentalexperimental data are well accounted for. Furthermore, we consider the potential 
ofof the non-excitonic mechanism for the realization of efficient temperature-stable 
emissionemission from Er-doped crystalline silicon. 
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6.11 Introduction 

Inn spite of the obvious natural disadvantage of a relatively small and indirect band 

gap,, silicon enjoys a renewed interest as material for optoelectronic and photonic 

applications.. In particular, encouraging results have recently been reported for 

silicon-derivedd materials such as silicon nanocrystals dispersed in a Si02 matrix 

[59],, and Si02 co-doped with silicon nanocrystals and Er3+ [47]. Intense room-

temperaturee emission has been obtained upon formation of boron inclusions in 

crystallinee silicon (c-Si) by implantation [18]. Parallel to these new concepts, re-

searchh on optical doping with transition metal elements as a way to improve optical 

activityy of c-Si is set forth. Emission from rare-earth (RE) ions is characterized 

byy a temperature stable wavelength and a narrow linewidth. Here. Er doping is 

mostt intensively investigated. When silicon is doped with Er, light emission due 

too the J13/2 —> 4 Ii5/2 intra 4/-electron shell transition can be observed at \Er % 

1.544 /mi. This wavelength falls in the range of minimum losses of silica-based 

opticall  fibers used in telecommunications. Being fully compatible with the stan-

dardd VLSI silicon technology, development of Si:Er structures by ion implantation 

iss especially interesting. Unfortunately, the intensity of electro- and photolumi-

nescencee (PL) from RE-doped semiconductors reduces strongly upon temperature 

increase.. Consequently, intense room-temperature emission from devices based on 

c-Si:Err remains yet to be demonstrated. It is generally believed that proper engi-

neeringg and optimization of the energy transfer between silicon host and Er3+ ion 

constitutess the key to realization of this goal. Ideally, the excitation process of the 

energyy transfer to the RE ion core should be very efficient, while the reversal of 

thiss process, usually termed uback transfer", needs to be suppressed. Also other 

non-radiativee de-excitation channels of excited Er3+ ions must be eliminated. In 

thee past, the excitation mechanism of Er3+ ions in crystalline Si has been modelled 

theoreticallyy [29. 33]. and the recombination of an electron-hole pair or impact with 

aa hot carrier (reverse biased diodes) have been postulated to be responsible for the 

excitationn of Er3+ ions in crystalline Si. Under optical pumping by photons with 

energiess larger than that of the silicon band gap, electrons and holes are generated 

inn the conduction and valence bands, respectively. The carriers recombine in an 

Augerr process transferring the energy to the 4/-electron shell of the Er3+ ion. As 

aa result of this excitation, characteristic emission due to the 4/1 3/2 —->4 / i 5 / 2 tran-

sitionn (E4f % 800 meV) appears with a decay constant of n as 1 ms [27, 28, 64]. 

Thee higher excited states are not directly available since their energies exceed the 

siliconn band gap value (EG « 1170 meV at T = 4.2 K compared to 1240 meV 
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necessaryy for excitation to the 4/n/2 second excited state of Er3+ ion). A model 
involvingg recombination of an exciton bound to an Er-related donor has been also 
proposedd [31]. In this case, the major part of the electron-hole recombination en-
ergyy is used for the 4/-electron shell excitation and the excess energy is released 
byy excitation of the electron from the Er-related donor level into the band. While 
suchh an energy transfer channel can be efficient, it requires high electron and hole 
concentrationss for exciton generation. This, in turn, leads to de-excitation of Er3+ 

ionss due to Auger interaction with free carriers. Under these circumstances, the 
experimentallyy observed saturation of Er PL for high excitation densities can be 
causedd by a limited concentration of optically active Er3+ ions or, alternatively, 
cann result from competition between excitation and Auger de-excitation processes. 
Experimentall  evidence used thus far for the modelling the Er excitation process 
hass come almost exclusively from investigations of temperature variations of inten-
sityy and lifetime of the Er-related luminescence. Unfortunately, thermal activation 
iss rather indiscriminate: different effects appear simultaneously and become en-
tangled.. Consequently, detailed identification of individual processes is difficult 
andd the models proposed for the Si:Er excitation mechanism remain rather specu-
lative.. The situation is much more favorable when mid-infrared (MIR) laser light 
ratherr than temperature is used to selectively activate specific energy transfers. 
Inn that case, individual stages of excitation and de-excitation processes can be 
selectivelyy addressed by wavelength tuning. Indeed, new information on the Si:Er 
emissionn mechanism has been obtained using two-color spectroscopy in the visible 
andd the MIR ranges [63]. In particular, it was shown that a MIR laser pulse ap-
pliedd shortly after band-to-band (pulsed) excitation leads to additional emission 
fromm Er3+ ions [65]. Temporary storage of non-equilibrium carriers at traps avai-
lablee in the host was found to be responsible for the effect [43]. More recently, 
wee pointed out in Chapter 4, that thermal release of carriers stored at these traps 
givess rise to a slowly decaying component of the Er PL, "the afterglow". In a 
dedicatedd study [66], we have explicitly shown that the MIR-induced excitation of 
Err and the afterglow effects are mutually related, and proposed a mathematical 
descriptionn relating the amplitudes and temporal characteristics of both effects. 

Inn this Chapter, we re-examine the excitation mechanism of Si:Er in view of 
thee novel information revealed by two-color MIR spectroscopy. In addition to the 
alreadyy published data [66], we build on a careful investigation of the magnitude 
off  the MIR-induced Er PL on the MIR photon flux. We propose a microscopic 
modell  for the excitation process in which the FEL pulse releases holes stored 
att acceptor (or acceptor-like) traps, which subsequently recombine with electrons 
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localizedd at an Er-related donor level. Such a process is distinctly different from 

thee exciton-related energy transfer commonly considered for Er in a crystalline 

siliconn matrix (as seen in Chapter 3) and dominant upon (high-power) band-to-

bandd excitation. Following this scheme, we develop a set of rate equations to 

describee the relevant physical mechanisms. We show that the experimental results 

cann be satisfactorily simulated using the proposed description. Finally, we consider 

whetherr this sequential excitation path could be utilized to attain an increase of 

thee thermal stability of the emission from c-Si:Er. 

6.22 Experimental details 

Ass reported in our preceding study [66], the MIR-induced Er PL (uniquely related 

too the afterglow effect of slowly decaying emission) is always present in c-Si:Er. It 

iss best revealed under low pumping density of the band-to-band excitation, when 

itss magnitude is much larger than that of the exciton-mediated Er3+ emission. 

Ourr investigations show that, while the characteristics of the MIR-induced Er PL 

dependd on sample parameters, the effect is stronger when Er is implanted into 

p-p- than into rc-type substrates. Consequently, for the use in the present study, 

aa set of Si:Er samples was prepared from Czochralski-grown p-type boron-doped 

siliconn with room-temperature resistivity of 5 - 10 ficm. Al l data presented in 

thiss Chapter (with exception of the data shown in the inset of Fig. 6.1) have 

beenn obtained for a particular sample implanted with 300 keV Er ions to a dose 

off  3 x 1012 cm- 2 . The concentration of Er in the implanted layer was around 

55 x 1017 cm- 3 . The sample was co-implanted with oxygen ions with an energy of 

400 keV to a concentration comparable to that of the Er ions. Oxygen co-doping is 

knownn to increase the intensity of the Er PL and to reduce its thermal quenching. 

Implantationss were followed by annealing at 900°C during 30 minutes. 

Two-colorr photoluminescence experiments have been performed with primary 

pulsedd excitation by the second harmonic of a Nd:YAG laser (532 nm) and secon-

daryy excitation with MI R radiation from a free-electron laser (FEL). Al l results 

weree obtained at T = 4.2 K. A detailed description of experimental procedures 

cann be found in our previous Chapter and report [66]. In the experiments, the 

intensityy of the A fa 1.54 /mi emission related to the transition from the 4i i 3/ 2 

excitedd state to the 4I15/2 ground state of Er3+ ion was investigated as function of 

thee primary and secondary excitation density. 
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Figuree 6.1: Low-temperature (T = 4-2 K) dynamics of the Er-related PL signal 

atat A » 1.54 li.m. The pump excitation density was kept low to avoid saturation.A 

MIRMIR pulse with A « 10 \im was applied with a delay At of 2 and 80 ms. The 

enhancementenhancement of the Er PL is characterized by a decay time Turn ~ 30 ms. In the 

inset,inset, the MIR-induced enhancement (At = 20, 80, 170 ms) is shown for a sample 

characterizedcharacterized by an extremely long time constant Turn ~ 100 ms. 

6.33 Experimental results 

Buildingg upon earlier experience [66], see Chapter 4, the present experiments were 

performedd under low pumping density of the Nd:YAG laser. Figure 6.1 illustrates 

thee MIR-induced Er PL for the sample used in the current study. A strong response 

off  the Er3+-related emission at A^,. « 1 . 54 fira can be seen in the situation when 

thee MIR pulse from FEL (photon energy ~ 120 meV, power ~ 10 mW/cm ) was 

firedd with delay times At = 2 ms and At = 80 ms with respect to the band-to-band 

excitationn with a Nd:YAG laser (power density of 10 / iJ/cm2, duration ~ 100 ps). 

Thee PL signal dynamics were recorded with a Ge detector. For this sample, a 

decayy time of the MIR-induced enhancement TMIR ~ 30 ms has been concluded. 

Thee particular value of this time constant depends on the sample characteristics. 

Forr comparison, an extreme example is shown in the inset of Fig. 6.1. In this 

case,, the FEL-induced Er3+-related emission can be observed even for very large 

delayy times At = 170 ms so a very long decay time of the MIR-induced effect 
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Figuree 6.2: Low-energy range excitation density dependence (FEL) of the MIR-

inducedinduced Aw 1.54 Hm Er emission, measured for a low level of band-to-band pump-

ing,ing, for XFEL ~ 10 prn and At = 5 ms. The inset shows the dependence for the full 

availableavailable FEL power range. The solid lines are simulations based on Eq.(6.27). 

TMIRTMIR ~ 100 ms has been concluded. In Fig. 6.2. we show the results of a detailed 

investigationn of the magnitude of the MIR-induced Er PL enhancement on the 

FELL photon flux, measured at a fixed low level of band-to-band excitation. The 

experimentt is realized by reducing the FEL pulse energy with a set of internal 

attenuators.. We pay special attention to the lowest levels of the FEL power at 

whichh the enhancement effect can still be detected. 

Thee results shown in Fig. 6.2 were taken for a fixed delay time At — 5 ms and 

forr a MIR photon energy of about 120 meV, but similar characteristics are found 

alsoo for other values of the delay time and the FEL photon energy. The amplitude 

off  the MIR-induced PL enhancement shows a clearly sub-linear behavior. The 

completee dependence, for the full available range of FEL power, is shown in the 

insett of Fig. 6.2. It can be concluded that the effect saturates in agreement with 

thee model relating it to trap ionization [65]. Finally, in Fig. 6.3 the magnitudes 

off  the MIR- and Nd:YAG-induced Er PL signals are shown as a function of the 

pumpp density of the visible laser light. As explained earlier, in order to avoid 

saturationn in the current measurements we used the low-flux range of the Nd:YAG 



6.4.6.4. Discussion 75 5 

^^  10 

o o 
c c 
cc  0.5 

LO O 

c3 3 

Q-- o.o 

0.00 0.2 0.4 0.6 0.8 1.0 

Powerr Nd:YAG (normalized) 

Figuree 6.3: Excitation-density dependence (Nd:YAG) of the A « 1.54 lim Er emis-

sionsion induced by (i) Nd:YAG (band-to-band) and (ii) FEL (MIR) laser pulses: the 

amplitudeamplitude of (i) increases as saturation of (ii) sets in. The MIR pulse at A « 13.5 

\xm\xm (constant power) is applied with a delay time At — 3 ms. The Nd:YAG power 

isis normalized to the value at which the amplitude of the FEL-induced Er PL signal 

saturates.saturates. The solid lines are simulations based on Eqs. (6.28) and (6.29). 

laserr pulses. The FEL (photon energy about 90 rneV. power fixed at a maximum 

levell  of about 200 mW/cm2) is fired with a delay At = 3 ms. As can be seen, the 

increasee of the visible pump-induced signal (i) coincides with saturation of the Er 

PLL enhancement appearing upon the FEL pulse (ii) . 

6.44 Discussion 

6.4.11 Comparison of previous excitation models with ex-
perimentall  results 

Ass explained in the introduction, the available excitation models for Si:Er PL in-

volvee simultaneous generation of electrons and holes. Since these are characterized 

byy short lifetimes (fjs range at cryogenic temperatures) they cannot account for 

thee most characteristic feature of the MIR-induced excitation process illustrated 

JJ i I i I 1 1 1 L 
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inn Fig. 6.1, namely the occurrence of the PL enhancement after long delay times 

(hundredss of ms). In order to identify the microscopic physical mechanism res-

ponsiblee for the FEL-induced excitation of Er ions, we recall that next to phonon 

generationn (due to multiphonon absorption), ionization of shallow traps is the most 

importantt effect induced by MI R radiation in a semiconductor matrix. Indeed, in 

previouss Chapters and reports we have shown that Er emission appearing upon 

applicationn of the MI R pulse can be related to optical ionization of traps filled by 

thee pump pulse of the visible laser light [65, 66]. In what follows, we wil l attempt 

too work out details of this process. Since recombination of an electron-hole pair is 

necessaryy for excitation of the 4/-electron core of an Er3+ ion, we wil l first consider 

whetherr the additional Er-related PL may appear due to the release of excitons 

storedd in the system. We assume, see Fig. 6.4(a), that following a band-to-band 

pumpp pulse, excitation of Er3+ ions takes place by recombination of an exciton 

boundd to an Er-related level. Upon the band-to-band pump pulse, it is reasonable 

too consider localization of excitons also at centers (e.g., donors - see Fig. 6.4(a)) 

nott related to Er. When the FEL is fired, absorption of the MI R radiation could 

removee electrons (labelled 1) from the impurity levels, thus releasing excitons. Free 

excitonss (labelled 2) could then be captured by Er-related centers, leading to Er3+ 

excitationn and enhancement of the PL signal. However, as illustrated by Fig. 6.1, 

thee MIR-induced enhancement can appear with a time constant exceeding TMIR 

>>  100 ms, i.e., 2 orders of magnitude longer than the reported lifetimes of bound 

excitonss in silicon (exciton binding at isoelectronic centers), ruling out this possi-

bility .. Consequently, we wil l now consider a different mechanism, see Fig. 6.4(b). 

Inn this excitation model, in contrast to the previous one. we introduce both elec-

tronss and holes bound at donor and acceptor impurities, respectively. In this case, 

wee could imagine that the acceptor levels may originate from Si material rather 

thann being related to the Er doping. The investigated samples were prepared from 

p-typep-type (boron-doped) Si substrate and although the concentration of acceptors in 

thee Er-implanted layer is several orders of magnitude lower than that of Er, it is 

reasonablee to include them here, as they are available within the bulk of the ma-

teriall  which is penetrated by the MIR beam. When the MI R radiation is applied, 

ionizationn of both types of trapping levels wil l take place. Their subsequent re-

combinationn (at the Er-related center) could lead to additional excitation of Er3 +. 

However,, under these circumstances the amplitude of the MIR-induced Er PL en-

hancementt should be proportional to {IF EL)2, as two photons (for ionization of 2 

carrierss of the opposite type) are necessary for excitation of an Er3+ ion. While 

inn practice both ionization processes could have different probability leading to 
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Figuree 6.4: Illustration of possible MIR-induced excitation of Er by the release of 

(a)(a) excitons and (b) two carriers of opposite types - see text for a discussion. 

deviationss from a quadratic dependence, the experimental data in Fig. 6.2 show 

aa clearly sub-linear character, even for the lowest power range. Such a behavior 

cannott be explained by the considered mechanism and suggests a different, thus 

farr unrecognized, excitation path. 

6.4.22 Microscopic model for sequential excitation 

Sloww exci tat ion mechanism 

Inn order to account for our experimental results, we propose a mechanism in which 

thee excitation of an Er3+ ion is achieved by recombination of a hole with an electron 

localizedd at an Er-related level. This assumption is based on multiple reports on 

donorr generation upon Er implantation in oxygen-rich Si [36, 67], and on our own 

observationn that the MIR-induced Er PL is more pronounced in samples prepared 

intoo p- than into n- type substrates. In this way the excitation process can be 

dividedd in two steps: localization of an electron, and subsequent capture of a free 
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holee from the valence band. What distinguishes this mechanism from these usually 

considered,, is the stable character of the "intermediate"stage when an electron is 

presentt at the Er-related level while a free hole is not available to complete the 

excitationn process. The proposed mechanism is schematically depicted in Fig. 6.5. 

Followingg the above sketched scenario, we consider two different impurity levels. 

AA donor level related to Er implantation, with NEr as the total concentration of 

opticallyy active Er ions, and an acceptor level related to the Si substrate (p-type), 

wit hh Ntr as the total concentration of hole traps. Initially , when the system is in 

thermall  equilibrium at low temperature (T = 4.2 K), impurity traps wil l be filled 

withh electrons and erbium donor centers wil l be partially filled with electrons if 

thee Fermi level is close to this level, see Fig. 6.5(a). After band-to-band excitation 

byy the Nd:YAG (I6(t — t0) being the intensity of the visible excitation in a delta-

shapee pulse), free carriers are created. If we define ƒ and ƒ as the electron filling 

factorss of the acceptor traps and the Er-related donor levels, respectively, then the 

situationn can be described by the following rate equations: 

dndn i 
—— = ald(t - t0) - rnp - CtrnNtr{l  - ƒ) - CdErnNEr(l - ƒ ) + 
at at 

rnrnoPooPo + Ctrn0^Ntrf + CdErn0
{

Erf', (6.1) 

d/Dd/D i 
—— = aI6(t -t0)- rnp - CptrpNtrf - CApNErf + rn0po + 
at at 

CptrPVjfi^NtrilCptrPVjfi^Ntril - ƒ) + CAPo^NEr{l  - ƒ'), (6.2) 

NNtrtr^  ̂ = CtrnNtr(l - ƒ) - CptrPNtrf - Ctrn0
{

trf + 

CptrPö^NtrilCptrPö^Ntril ~ ƒ), (6.3) 

NNErEr%-%- = CdErnNEr(l - ƒ') - CApNErf - CdErn0
{-^NErf' + 

atat Jo 

CAPoj^NEril-f),CAPoj^NEril-f), (6.4) 

dN*dN* , N* 
-rr-rr  = CAPf{NEr-N*)-—. (6.5) 

atat T 

Here,, n and p are the concentrations of free electrons and holes, N* is the concen-

trat ionn of excited Er ions, a and r are the band-to-band absorption and recombina-

tionn coefficients, respectively. Ctr, CdEr, Cptr, and CA are the capture coefficients 
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off  electrons and holes by traps and Er centers, respectively. The rate equations 

writtenn above describe the most general dynamic process of free carrier capture 

att acceptors and donors, and also the reverse process (thermal effects) of carrier 

release.. The coefficients of the reverse processes were found using the detailed 

balancee principle in the equilibrium conditions. Note that the quantities n0, Po, /o 

andd f0 depend exponentially on the temperature. In order to solve this non-linear 

rate-equationn system and to obtain analytical expressions, we introduce artificially 

threee different time regimes. In the first one, we consider only very fast processes. 

Wee wil l ignore the capture process to impurities and we only take into account 

recombinationn of free charges. In the second one, we ignore reverse processes (as 

thermall  emission is very slow at T = 4.2 K); in this way we can find the evolution 

off  the fillin g factors ƒ and ƒ', as seen in Fig. 6.5(b). Finally, the third stage wil l 

involvee the thermal emission and the Er excitation on a long time scale. After the 

firstt two stages, the system wil l be "prepared" in a quasi-stationary (though non-

equilibrium)) state with no free carriers and equal concentrations of the charged 

impuritiess at the donor and acceptor levels. Since (shallow) donor-acceptor re-

combinationn in Si must involve momentum compensation, it is an extremely slow 

process.. In this way, the system can "store"non-equilibrium charges for a long 

time.. The MIR-induced Er PL is best investigated under conditions of low excita-

tionn density [66]. In this case, we should not expect band-to-band recombination 

andd can assign r — 0. During the short (~ 100 ps) duration of the Nd:YAG exci-

tationn (AtyAG): w e obtain: n — p — aAtyAG^- We can now find the expressions 

forr ƒ and ƒ' from Eqs.( 6.3 - 6.4): 

ƒƒ = n °* + (foo ~ n °*n ) exp [ - (Ct r + Cptr)aAtYAGIt],  (6.6) 

ƒ'' = r
 CdE;r + (f'oo - r

C d Z r W H C W + CA)aAtYAGIti  (6.7) 

wheree foo and /Q0 are the values of the initial fillin g factors. After several intervals 

off  (aAtyAGl)'1, the filling  factors wil l arrive at the limiting values depending only 

onn the capture coefficients: ƒ = Ct̂ c tr and ƒ' = C^E?+CA ' H ° w e v e r' t n i s xs n o t 

yett the end of the second stage since the charges at the donor and acceptor levels 

withh these limiting fillin g factors are not equal. This actually means that there 

remainn some free carriers in the conduction or valence band, depending on the 

ratioo of capture coefficients and concentration of impurities. Further capture of 

thesee wil l equalize the charge at the donor and acceptor levels, leading to the true 

limitin gg values of the filling  coefficients. 
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Figuree 6.5: Illustration of the proposed sequential mechanism for Er excitation 

seesee text for the full description. 

Att this point, considering the linear regime of the Er PL, some erbium ions are 

excitedd and decay with a lifetime o f r « 1 ms. In the third stage, the system is 

preparedd for the slow excitation mechanism, as can be seen in Fig. 6.5(c). After all 

thee fast processes have finished, the recombination wil l be controlled by thermal 

releasee of holes from traps into the valence band and their subsequent capture at 

Err donor levels. We wil l neglect that there is a thermal emission of electrons from 

thee Er-related donor level into the conduction band. This is reasonable, taking 

intoo account the postulated large ionization energy of this level EEr > 150 meV 

andd high concentration of Er in the implanted layer. The new rate equations for 



6.4.6.4. Discussion 81 1 

sloww excitation are: 

%% = -CptrPNtrf - CApNErf + CptrPojT-^jrNtril - ƒ), (6.9) 
atat (1 - Jo) 

NNtAtA = 'CptrPNtrf + CptrPo—^Ntr(l - ƒ), (6.10) 
atat [i  — Jo) 

NNETET%-%- = -CApNErf. (6.11) 
at at 

I tt can be shown that due to the slow thermal process of hole release from traps 

intoo the valence band, we can neglect the derivative in Eq. (6.9) and consider 

quasi-stationaryy conditions. The hole concentration can then be expressed by: 

VV = CptrPofo N  j x _ f) ( 6 1 2) 
PP (l-fo)(CANErFv + CptrNtrF0)

 try Jh 

and,, inserting Eq. (6.12) into Eq. (6.10), we arrive at the solution: 

P-^-C-^C-^c^Xw. 1)-- (613) 

Thee second factor in the exponent increases the characteristic time of slow recom-

binationn since part of the holes emitted into the band are captured again by hole 

traps.. Substituting Eq. (6.13) in Eq. (6.12), the time-dependent expression for 

thee hole concentration wil l be: 

CptrPofpNtrjlCptrPofpNtrjl - F0) ( CptrPof0 CANErF0 ] 
PP ~ (1 - f0){CANErFÓ + CptrNtrF0)

 G XP V 1 - fo CANErFi + CptrNtrF0 

(6.14) ) 

Inn this equation, we neglect the first derivative since - fi^?y*  (CANErF0 + 

CCptrptrNNtrtrFF00)-)-
11«« 1. 

Usingg the hole concentration given by Eq. (6.14) and substituting it into Eq. 

(6.11),, we arrive at 

rr  / r< ~ t r< \i _ T?' \ 1 
.. (6.15) f'-TT'f'-TT' ^ L n _ n [ l - ( C»trP0f° CANErFQ V 

'' ° NEr
{l  t0)[ L e W \ l-fo CANErF'Q + CptrNtrFQ

l). 

Thiss slow recombination process is characterized by the time constant 

__ (CptrPofo CANErFQ \ 6 
TsrTsr~~ \ l-fo CANErF  ̂+ CptrNtTF0J ' l ' 
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andd we can use Eq. (6.15) as the ''driving force"for excitation. In order to solve 

Eq.. (6.5). we assume that the slow Er3+ excitation can be considered as quasi-

stationary.. The result is: 

N*N*  w CApf'NErr « U-} Ntr(l - F0)exp f - - M  (6.17) 

Duee to the presence of p0f0. the parameter rsr wil l contain an exponent exp(—ivap 

/kT)./kT). where Etrap is the binding energy of the hole trap (from the top of the valence 

band).. At 4.2 K, the slow excitation wil l be important but at higher temperatures 

(TT « 45 K) it wil l disappear, as verified experimentally [66]. 

MIR- induce dd Er  PL enhancement 

Wee wil l now consider what wil l happen when an intense MIR pulse is applied at 

tt — ti. The MI R radiation wil l liberate holes into the valence band and an abrupt 

increasee of the Er PL should be observed. This situation is depicted in Fig. 6.5(d). 

Thee relevant, rate equations are: 

dp dp 
-f-ftt = 0ÏFELÖ(t ~ *l)A>,( l " ƒ) - CptrpNtJ ~ CAPNErf', (6.18) 

NtrfNtrftt = 0lFELO(t - h)Ntr(l ~ ƒ) - CptrPNtrf. (6.19) 

NNErEr^  ̂ =-CApNErf', (6.20) 

wheree 0 is the absorption coefficient of the FEL emission and I FEL is the intensity 

off  the FEL pulse fired at t —  Again, we first consider fast processes. In this 

case,, we start with Eq. (6.19). During the FEL pulse (AtFEL), we have 

ƒƒ = f01 + (1 - foi) [1 - exp(-0IFELAtFEL)}, (6.21) 

wheree /oi = 1 — (1 — F0) e x p ( - ^ -) is the fillin g factor at the time t = tl:  taken 

fromm Eq. (6.13). Using a similar value for f  ̂ obtained from Eq. (6.14), we can 

solvee Eq. (6.18) during the FEL pulse. In a linear approximation, we get 

0I0IFFEMr(l-foi) EMr(l-foi) 
CptCptrrNNtrtrfoifoi + CANErf[ 

-- [ l - exp(-(CptrNtrf01 + CANErf0l)t)]  . (6.22) 

Uponn termination of the FEL pulse, the concentration of holes wil l diminish ex-

ponentially: : 

PP = Poo 11 - exp(- (Cp ( rAV/ 02 + CANErf0l)tj\ , (6.23) 
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wheree p0o is the concentration of holes given by Eq. (6.22) for t = AtFEL and 

ƒ022 the fillin g factor as given by Eq. (6.21) at the end of FEL pulse for t = t2, 

AtAt FEL = {h - U). Substituting this solution into Eq. (6.20) we obtain: 

ƒƒ — /oi MM
CC

ff
AfAff™f™MM , M [ l - exp(^(Cp ( riV ( r /02 + CANErfm)t)]  , 

(6.24) ) 

andd a similar expression for ƒ. After the recharging induced by the FEL, the 

fillin gg factors wil l arrive at the limiting values: F  ̂ following from Eq. (6.24) 

andd F01 from the one related to ƒ. These limiting values ensure the neutrality 

conditionn of charge equality at donors and acceptors. Later on, these factors wil l 

changee according to the slow recombination TST process described in the previous 

subsection.. In order to study the dynamics of N*, we consider that an abrupt 

increasee of p sa poo m a delta-shape pulse, is responsible for the Er excitation. In 

thiss case, the concentration of excited Er after solving Eq. (6.5) wil l be: 

N* N* NLNL + 
CAPOOIOI^ET CAPOOIOI^ET 

.CUpoo/óii  + r 1 
-N* -N* { 11 - exp(-CUpoo/ói *)} , (6.25) ) 

wheree TVjJ, = Ntr(T/rsr)(l - F0)exp(-t1/Tsr) is the concentration of excited Er 

ionss at the moment that the FEL is switched on. Since the traps lose holes during 

thee FEL pulse, the slow excitation value of N* wil l drop to a value N^. The 

concentrationn of excited Er ions, and thus also the intensity of the Er-related PL 

afterr the FEL pulse, wil l evolve following the expression 

ll  PL N*N* = N  ̂ + 

exp p ( - ^ ) ) 

c„w>EE _ N I { 1 _ exp(-CAPoofmAtFEL)} 
<-<APOOJoi+<-<APOOJoi+TT J 

++ ^ { l - e x p ( - ^ ) } e x p ( - ^ ) , 
(6.26) ) 

CptrPofp CptrPofp 
Wo o where,, in the above expression we have considered that N^ 

r — c A N E r F ' n — jj  N ^ _ F )TeXp(-c77/° ffEr/\ M- The e xP r e s ' 
[C[C pptrNtrFoi+CtrNtrFoi+C AANEr^oi\NEr^oi\ 1 _ / ° CptrNtrF0+CANErF0 " 

sionn (6.26) agrees well with the experimental results and allows one to reproduce 

thee slow afterglow effect, and its reduction following the MIR-induced enhance-

mentt [66]. In the above description, the response time of the detector is not 

considered,, but this wil l influence only the rise time of the (FEL-induced) Er PL 

signall  which wil l become slower. In this model, the sub-linear dependence of the 

enhancementt effect - see Fig. 6.2 - is explained. The MI R radiation only releases 

onee type of carrier, so the effect is proportional to IFEL- The saturation term is 

actuallyy connected to the fillin g factor of the hole traps and not to the saturation 
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off  Er. It can be also shown that if the capture probability of holes by traps is 

higherr than by Er-related donors, the majority of holes induced by Nd:YAG are 

capturedd and stored at the traps. In this case, the intensity of the Er PL induced 

byy MI R radiation can significantly exceed that of the initial pulse, as confirmed 

experimentally. . 

6.4.33 Comparison with experiment 

Thee system of Eqs. (6.1 - 6.5) contains many constants which should be taken 

fromm the experiment for simulation of the results. Therefore, the simulation pro-

ceduree is rather cumbersome and subjected to some arbitrariness. Besides, the 

measurementss of the power dependence of the luminescence intensity were done 

inn arbitrary units since accurate measurements of absolute intensities are difficult . 

Thiss fact does not allow one to determine the parameters of the material (for ins-

tance,, the concentration of traps) directly from the experimental data shown in 

Figs.. 6.2 and 6.3. However, it is easy to obtain approximate solutions of a sim-

plifiedd system of the rate equations and compare the resulting functional power 

dependencee of the luminescence intensity with the experiment. These concern 

dependencee of the Er PL intensity on the power of the Nd:YAG laser (initial ex-

citation)) and the dependence of the Er PL enhancement on the power of the FEL 

(delayedd excitation). 

Iff  the characteristic capture times are small compared to the duration of both 

laserr pulses, we can use the quasistationary approximation for the state during the 

laserr pulse. We shall use the linearized version of the rate equations assuming that 

thee intensity of the initial PL signal excited by the YAG laser is proportional the 

concentrationn of free holes while that of the delayed PL signal induced by FEL is 

proportionall  to the concentration of holes bound at the traps. This assumption 

suggestss that the concentration of electrons necessary for the excitation Auger 

processs is always available (they can be in the conduction band during the Nd: YAG 

pulsee or populate the donor levels). If this concentration of electrons does not 

changee significantly during the Nd:YAG laser pulse, the calculated concentration of 

freee (or bound) holes reflects the amplitude of the PL signal measured in arbitrary 

units.. For instance, the calculations of the hole concentrations can be directly 

comparedd with the experiment represented in Figs. 6.2 and 6.3. 

Too consider the dependence of the PL enhancement on the FEL power, we can 

usee one equation for free holes in the form: 

-IT-IT = PolFEL(Ntr -p)- CptrP
2 = 0, (6.27) 
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wheree we have used the condition that the concentration of free holes in the case 

off  excitation from the traps should be equal to the concentration of the trap 

statess without holes, i.e. if they are filled by electrons. The solution of this 

quadraticc equation is fitted to the experimental data in Fig. 6.2, demonstrating 

fairr agreement. At low FEL powers the PL intensity grows as a square root and 

thenn tends to saturation. 

Too determine the dependence of the Er emission on the Nd:YAG power, we 

needd the system of equations: 

%% = alvAG - Cptrp(Ntr - Pfc) - £ = 0, (6.28) 
atat TP 

^  ̂ = Cptrp(Ntr-pb)-  ̂ = 0. (6.29) 
atat Tb 

Wee have introduced here the concentration of bound holes pb instead of the popu-

lationn factor of the trap states (pb = Ntr{l  — ƒ)), and two characteristic lifetimes of 

freee and bound holes which are connected with the capture coefficients and some 

concentrationn of electrons in the conduction band which is assumed constant for 

purposee of linearization of the equations involved (r~l — rn, r6
_1 — Ctrn). This 

meanss that our approximation is fairly crude; nevertheless, it gives good agreement 

withh the experiment. The solution of this system connects directly the behavior 

off  the initial and the MIR-induced PL signals: for small Nd:YAG power, the free 

holess are captured by the traps rather than at the Er-related level. Only after the 

trapss are filled (i.e. the amplitude of the MIR-induced signal saturates), efficient 

excitationn of the Er ions by the Nd:YAG generated by electron-hole pairs can take 

place.. The simulation of the experimental results according to the solution of 

Eqs.. (6.28 - 6.29) is compared in Fig. 6.3 with the measured amplitude of the 

Nd:YAG-- and FEL-induced Er PL signals, demonstrating good correspondence 

betweenn experiment and the model. 

Finally,, we should present numerical values of the relevant parameters that 

permitt the use of the quasistationary approximation and allow a satisfactory si-

mulationn of the experimental data. To support the approximation of the quasista-

tionaryy situation it is necessary to estimate the capture times. The following values 

off  these parameters were adopted: the concentration of traps Ntr — 1015cm-3, the 

capturee coefficient of holes Cptr — &hVh, where the capture cross-section of holes by 

negativelyy charged center is ah — 10~10cm2 [3], Vh ~ 106cms_1 is the hole velocity, 

soo the capture time is much less than the duration of the Nd: YAG (and FEL) pulse. 

Thee capture coefficient of the electrons by a neutral acceptor center is Ctr = oeVe, 

aaee — 10_16cm2 [3], Ve ~ 106cms_1, and thus the capture time is of the order of the 
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Nd:YAGG pulse duration. The recombination time rp can be estimated from the 

dataa of Thao et al. [68], where a value of non-radiative recombination coefficient at 

loww temperature of the order of lCT10cm3s_1 is given. Therefore, the characteristic 

lifetimee is around 4 x 10~10 s for a Nd:YAG photon flux of 1024 cm"2s^1 using 

thee absorption coefficient value of 4 x 104 c m- 1 (in this case, the concentration 

off  electrons and holes induced by the Nd:YAG is 2.3 x 1019 cm"3) . A reasonable 

valuee of the absorption cross-section 30 for the FEL radiation is 1CT16 cm2, so the 

absorptionn coefficient can be about 0.1. The photon flux of the Nd:YAG laser is 

off  the order of 1024 cra""2s_1 while that of FEL is 2 x 1019 c m ' V 1 . We note that 

thesee estimates are consistent with the quasistationary approximation used in the 

modell  and justify the use of quasistationary solutions. 

6.55 Device implications 

Theree are two important conditions that have to be satisfied in order to develop 

Si:Er-basedd devices for room-temperature operation. We need efficient excitation 

off  Er ions while at the same time non-radiative de-excitation should to be sup-

pressed.. The excitonic process provides good excitation of Er at low temperatures. 

Unfortunately,, its efficiency diminishes upon temperature increase due to disso-

ciationn of excitons. Yet another problem, appearing at higher temperatures and 

forr high pumping densities, is the Auger energy transfer to free carriers. This 

non-radiativee recombination limit s the maximum number of Er3+ ions which can 

at ta inn the excited state. Our current results offer a possibility to circumvent this 

problem.. As discussed in the preceding sections, excitation of Er3+ ions can be 

realizedd by recombination of electrons localized at the Er-related level shortly after 

band-to-bandd excitation with holes supplied subsequently by (thermal or optical) 

ionizationn of traps. The most characteristic feature of this process is the time 

separationn of electron capture and electron-hole recombination. Consequently, 

Err excitation within this channel is effectively governed only by release of holes 

intoo the band. In this case, Er3+ ions are prepared for excitation by capturing 

electronss at the Er-related level. Since our research shows that the processes of 

electronn capture and electron-hole recombination can be arbitrarily separated in 

time,, the preparation of the Si:Er system for excitation is realized by fillin g all 

thee Er-related electron traps - a condition easily fulfilled in n-type material. The 

excitationn can then be accomplished upon injection of holes. In such a scheme, 

thee free carrier concentration can be much lower than that required for efficient 

excitonn generation. Consequently, Auger de-excitation would be suppressed. Ex-
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plorationn of this excitation route may open new possibilities for efficient reduction 
off  thermal quenching of emission from Si:Er structures. 

AA separate issue is the question whether the MIR-induced generation of Er PL 
couldd be realized also at a higher (and possibly room) temperature. According to 
ourr model, rST is related to thermal release of holes into the band and, as such, 
itt is directly related to the ionization energy of the trap. In our experiments, we 
havee used />-type boron-doped Si substrates, so the holes were trapped at shallow 
acceptors.. Naturally, shallow traps thermalize above 45 K and the MIR-induced 
Err PL vanishes. In the presence of deep acceptors, however, we can expect a larger 
valuee of rsr and the enhancement effect could take place at higher temperatures. 
Possiblee candidate impurities for deeper acceptor traps could be, e.g., indium 
(singlee acceptor at 155 meV above the valence band) or the double acceptor zinc. 
Wee note that thermalization of the Er-related electron trap is of lesser importance 
inn view of the high Er concentration in the implanted layer, which compensates 
thee statistical advantage of the band. 

6.66 Conclusions 

AA non-excitonic mechanism of the 1.54 fim emission of Er3+ ions in crystalline 
siliconn has been identified and microscopically modelled. Excitation of Er3+ is 
achievedd upon release of free holes into the band, and their subsequent recombi-
nationn with electrons localized at Er-related donors. Therefore, this mechanism 
iss most pronounced for comparable concentrations of donors and acceptors. In 
sampless prepared from p-type substrates, the non-excitonic mechanism dominates 
underr low pumping rates and is also responsible for the recently reported low tem-
peraturee effects of afterglow and the MIR-induced Er PL. The essential feature of 
thee newly identified Er excitation channel is the stable character of the situation 
whenn electrons are captured at the Er-related traps. In this state, which can per-
sistt indefinitely, the Si:Er system is prepared for excitation which then takes place 
att an arbitrary moment, upon arrival of holes. This finding could open new ways 
towardss increase of thermal stability of PL emission from Si:Er. Also, in contrast 
too the exciton-mediated mechanism, the discussed excitation path does not require 
highh concentrations of free carriers {electron and holes can be introduced at dif-
ferentt time intervals). This limits the Auger quenching of excited Er3+ ions which 
appearss at low temperatures for high pumping rates. 
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Chapterr 7 

Augerr de-excitation of Er3+ ions 
inn crystalline Si induced by 
mid-infraredd illumination 

InIn this Chapter we report on the de-excitation of Er3+ ions in crystalline silicon, 

inducedinduced by mid-infrared radiation from a free electron laser. The effect is inter-

pretedpreted as an Auger energy transfer between excited Er ions and free holes in the 

valencevalence band. These are liberated from shallow traps by the powerful mid-infrared 

laserlaser beam. The traps are dynamically populated during the initial band-to-band 

excitation.excitation. The efficiency of the proposed de-excitation mechanism depends on 

thethe number of traps occupied at the moment when the free electron laser pulse is 

applied.applied. Therefore, the quenching effect is sensitive to the total number of ac-

ceptorceptor traps present in the sample and the excitation density of the pump pulse. 

AA competition between this de-excitation process and the previously reported mid-

infrared-inducedinfrared-induced Er photoluminescence enhancement is investigated. The optically 

inducedinduced Auger process, as revealed in this study, complements the description of 

energyenergy transfer processes in the Si:Er system under optical pumping. 

7.11 Introductio n 

Inn the last decade, intense research on silicon has been done in order to allow light 

emissionn at room temperature. One of the approaches to obtain light out of Si, 

whichh has a rather small and indirect band gap, is based on defect engineering 

[18].. Alternatively, rare earth (RE) doping is used. RE ions are optically active 

andd their atomic transitions cover a wide spectral range. In particular, Er3+ is 
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Figuree 7.1: PL spectrum of Si:Er at T = 1^.2 K excited with an Ar+ laser. The 

PLPL dynamics has been studied for X = 1.537 [im. as marked by an arrow. In the 

inset,inset, the PL spectrum, of a similar Sr.Er sample prepared by identical (Er and 0) 

implantationimplantation but annealed at a lower temperature is shown for comparison. 

potentiallyy attractive because the energy A// / of the 4/-electron shell transition 

fromm the first excited state to the ground state iIn/2 —>4 I15/2 falls into the in-

tervall  of minimum losses of silica-based optical fibers used in telecommunication 

liness [69]. Recently, we have investigated energy transfers in different RE-doped 

semiconductorss [63]. In particular, the role of band gap states in excitation and de-

excitationn mechanisms of Er3+ ions in Si:Er has been studied by means of two-color 

spectroscopyy [70]. While recombination of an electron-hole pair at an Er-related 

levell  (a recombination level in the band-gap directly linked to Er) after band-to-

bandd illumination is responsible for Er3+ excitation, other levels, not related to 

Er.. are also involved in energy transfers. Non-equilibrium carriers generated dur-

ingg band-to-band excitation and trapped at defect/impurity levels can be ionized 

byy a mid-infrared (MIR) radiation pulse from a free-electron laser (FEL). Using 

two-colorr spectroscopy with a FEL, we have found enhancement [43] of the Er3+ 

photoluminescencee (PL) at temperatures not exceeding 50 K. We have studied 
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thiss effect in detail [66] in Chapter 4 for p-type crystalline Czochralski-grown Si 
sampless with different Er concentrations. The microscopic nature of the MIR-
inducedd PL enhancement has been modelled theoretically [71], in Chapter 6, and 
shownn to reproduce satisfactorily the experimental results. Our current investiga-
tionn reveals that, while the enhancement effect is omnipresent in all investigated 
Si:Err materials, for some samples also quenching of the Er-related PL occurs upon 
applicationn of a MIR pulse. We have found that the quenching effect is most 
pronouncedd under conditions of high band-to-band excitation power and with the 
FELL pulse fired shortly after the primary pump pulse. 

Inn this Chapter, we investigate the nature of the FEL-induced quenching of Er-
relatedd PL. We measure the amplitude of the effect at various pumping densities, 
forr different timing and power of the FEL pulse. Upon changing the experimen-
tall  conditions, we observe a continuous transition between PL quenching and the 
enhancementt effect. We identify the observed PL quenching as being due to an 
Augerr process involving energy transfer between an excited state of the Er3+ ion 
andd a free carrier ionized into the band by MIR radiation. Based on the exper-
imentall  results, we propose including this de-excitation mechanism in order to 
generalizee the recently developed model, see Chapter 6, of energy transfers in the 
Si:Err system [71]. 

7.22 Experimental details 

Thee experimental data in the present study were obtained on a Si:Er sample pre-
paredd from Czochralski-grown p-type silicon. Er ions were implanted with an 
energyy of 300 keV to a dose of 3 x 1012 cm'2. The concentration of Er in the im-
plantedd layer was around 5 x 1017 cm-3. The sample was co-implanted with oxygen 
ionss with an energy of 40 keV to a dose of 3 x 1013 cm-2. Oxygen co-doping is 
knownn to increase the intensity of Er photoluminescence and to reduce its thermal 
quenching.. The implantation was followed by 1000°C annealing for 30 minutes. 
Thee two-color experiments with a FEL were performed at the "FELIX" user facility 
inn Rijnhuizen (The Netherlands) - for a detailed description of the experimental 
set-upp see Ref. [63] or Chapter 2. In this particular study, excitation densities of 
thee FEL and the Nd:YAG pump laser were adjusted with internal attenuators and 
neutrall  density filters, respectively. A variable delay time between the two pulses 
wass used. 



92 2 CHAPTERCHAPTER 7 

OO 200 400 600 800 1 

Timee (us) 

Figuree 7.2: Dynamics of the Er PL quenching at high Nd:YAG excitation density. 

TheThe quenching effect is illustrated for a delay time of 100 (is and at two intensities 

ofof the FEL pulse (attenuations 0 and 8 dB). In the inset, the quenching ratio QR 

isis shown as a function of the FEL-pulse energy. 

7.33 Experimental results 

Inn the current research, the spectrum, amplitude, and dynamics of the PL due to 

transitionn from the first excited state (4ii3/2) to the ground state (4Ii5/2) of Er3+ 

ionss have been investigated at a temperature of 5 K. The PL spectrum obtained 

onn the sample under Ar + laser excitation is plotted in Fig. 7.1. Only a broad peak 

centeredd at 1.54 /an can be observed here. It is interesting to notice that an identi-

callyy implanted sample annealed at a different temperature, see inset of Fig. 7.1 or 

Ref.. [64], shows a completely different spectrum indicating a different microscopic 

structuree of the optically active Er-related centers. In principle, microscopic infor-

mationn on the optically active Er center can be extracted from a detailed analysis 

off  its PL spectrum. Indeed, it has been shown that Er in crystalline Si can be 

presentt in a wide variety of centers [48]. Unfortunately, in the present case the PL 

spectrumm is very broad, most probably due to inhomogeneity of the sample, and 

doess not allow one to obtain information on the structure of the relevant centers. 
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Figuree 7.3: The quenching effect, defined as 1-QR, as a function of the delay time 

betweenbetween the short Nd:YAG band-to-band pulse excitation and the onset of the longer 

f~~ 5 us) FEL pulse. The solid line is the numerical simulation based on Eqs. (7.5 

-- 7.6). In the inset, concentration of free holes in the valence band during and 

afterafter the the ionization pulse of FEL is simulated from the proposed model. See 

texttext for further explanation and for the parameters used in the simulation. 

Inn Fig. 7.2 we show the dynamics of the 1.54 fim PL band, marked with an arrow 

inn Fig. 7.1. PL quenching can be observed upon application of a FEL pulse (XFEL 

==  12 /mi, variable power) fired with a delay time At = 100 fis. After the FEL 

pulse,, the PL intensity quenches with a time constant equal to the response time 

off  the experimental set-up (rrespi « 75 (is) and later decays with the typical Er 

lifetimee of T£r ~ 1-5 ms. Using a faster detector (rrfisp2 ~ 30 /is, not shown here), 

thee PL quenching still follows the detector response time. We therefore conclude 

thatt the quenching process is very fast. In order to quantify the magnitude of PL 

quenching,, we define the quenching ratio QR of the PL amplitudes as measured 

withh and without the FEL pulse: QR =  A
AFEL  Naturally, QR = 1 when the 

FELL is not applied. While the quenching ratio QR is independent of the particular 

momentt when the amplitudes are compared, in experimental practice we should 

avoidd possible errors due to detector response. In particular, in Fig. 7.2 we show 
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Figuree 7.4: Dynamics of the Er PL (X = 1.537 fim, T = 4-2 K) for different 

Nd:YAGNd:YAG pump excitation density (P\ to PI). The FEL pulse is fired at a delay 

timetime of tpEL = 500 /is. A transition from quenching to enhancement is observed 

uponupon decreasing the Nd:YAG power. A similar transition can be observed in the 

insetinset of the figure for a high Nd:YAG power while increasing the delay time. 

QRQR as measured at t = 900 /Lts. In the inset of Fig. 7.2, the quenching ratio is 

plottedd as a function of FEL power. As can be seen, QR initiall y decreases with 

FELL power (the quenching effect increases), and then saturates. We note that 

suchh a behavior is similar to that of the MIR-induced enhancement of Er PL [71], 

thuss indicating a possible relation between these two effects. 

Inn order to get a further insight into the PL quenching, it would be interesting 

too investigate the effect as a function of the FEL pulse duration. Unfortunately, 

thiss is not possible due to experimental reasons. However, we can shift the short 

Nd:YAGG pump pulse (AtyAG ~ 0.1 ns) within the duration of the much longer 

FELL pulse (AtFEL ~ 5 A*s)- As can be seen in Fig. 7.3. no quenching effect 

iss observed when the FEL pulse hits the sample earlier than the band-to-band 

excitation.. This result rules out the possibility that PL quenching takes place as 

aa result of lattice heating due to phonon generation, since thermal effects have 
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relaxationn times of milliseconds. In Fig. 7.3, the quenching effect (1 - QR) is 
plottedd versus delay time between the Nd:YAG pump pulse and the onset of the 
FELL pulse. It can be seen that the quenching effect grows linearly during the 5 
[is[is  of the FEL pulse, with a fairly smooth onset, and later it stabilizes as the FEL 
pulsee terminates. This is a clear indication that the Er PL quenching is related 
too the "effective duration" of the MIR illumination following the Nd:YAG pump 
pulse.. Consequently, the PL quenching appears to be proportional to the number 
off  MIR photons absorbed by the excited Er3+ ions. 

Finally,, an important result is given in Fig. 7.4 which shows the influence 
off  the Nd:YAG power on the quenching effect. The experimental data represent 
thee effect of a FEL pulse (XFEL = 12.5 /xm, delay time At = 500 /is) at four 
differentt pump powers (P4 to PI). As can be seen, a transition from quenching to 
enhancementt occurs as the pumping density is reduced. A similar transition can 
alsoo be observed under conditions of high Nd:YAG power, when the FEL delay 
timee At is increased from a few ^s to a few ms; see inset of Fig. 7.4. 

7.44 Discussion 

Thee experimental evidence presented in the preceding section suggests that the PL 
quenchingg and the previously investigated MIR-induced Er PL enhancement are 
mutuallyy linked, and probably related to the same change of the matrix property 
inducedd by the FEL pulse. We conclude that the energy transfer mechanisms 
activatedd under the influence of FEL illumination depend critically on the available 
numberr of excited Er3+ ions and carrier traps populated at the moment of the FEL 
pulsee - both being determined by the Nd:YAG pulse energy and the timing of the 
FELL pulse. 

Inn order to understand the phenomenon responsible for the Er PL quenching in-
ducedd by MIR radiation, we examine first the de-excitation mechanisms identified 
forr Si:Er. Here, we can distinguish energy transfers between different Er ions and 
betweenn Er ions and Si. In the later case, Er3+ de-excitation by phonon generation 
orr Auger de-excitation induced by free carriers are the well known effects. 

Thee exchange of energy between excited Er ions leads to up-conversion [16] 
whichh results in emission quenching. An excited Er ion de-excites non-radiatively 
byy transferring energy to another (neighboring) excited Er ion, promoting it into a 
higherr excited state. At this stage, one excited Er3+ ion is lost and the PL will be 
quenched:: instead of two excited ions with the probability to emit two photons, 
onlyy one remains. Relaxation from the higher excited state can be accomplished 
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eitherr by a non-radiative transition to the first excited state (4ƒ1372) from which 

emissionn at 1.5 /im can follow, or radiatively from higher lying states, e.g.: 4/9/2 or 
44Iu/2-Iu/2- In this latter case, the relevant photon energy is larger than the band gap 

off  Si (EG = 1 . 17 eV) and the emitted photon wil l be absorbed by the Si. However, 

forr efficient up-conversion. the concentration of Er has to be of the order of 4x 1020 

cm"3,, which is not the case here. Therefore, up-conversion is not considered to be 

ann important mechanism in our Si:Er system, and we resort to energy transfers 

betweenn Er3+ ions and Si. 

I tt is generally accepted that Er3+ introduces a recombination level (of donor 

character)) in the energy band gap of Si. This level is responsible for the energy 

transferr to the Er3+ ion in the excitation process. After band-to-band excitation, 

electronss are captured at this level and they recombine non-radiatively (in an Auger 

process)) with holes from the valence band. As a result, energy is transferred to the 

4/-electronn shell and the Er3+ ions attain the excited state. The Er-related level in 

thee gap can be interpreted as an intermediate step necessary for excitation. It was 

suggestedd by theory [29], and later supported by experimental work on thermal 

quenchingg of the PL intensity and lifetime of Er3+ ions [41], that the Er-related 

levell  is situated about 150 meV below the bottom of the conduction band. It is ge-

nerallyy considered that the main process preventing intense emission from Si:Er at 

roomm temperature is an efficient non-radiative mechanism called "back-transfer". 

Inn this mechanism, Er3+ de-excites by using its energy to bring an electron from 

thee valence band to the Er-related level. In this way, the Er excitation mechanism 

iss reversed. The energy mismatch of this process, (EG - 150 meV—Aff/) ~ 220 

meV,, can be provided by phonons generated at higher temperatures. The micros-

copicc model of the back-transfer mechanism was first proposed for InP:Yb [72] and 

laterr adopted for other RE-doped semiconductors, in particular also for the Si:Er 

systemm [44]. In order to investigate this prominent de-excitation mechanism, the 

FELL can conveniently replace the indiscriminate thermal activation. In the tem-

peraturee range of this study, around 5 K, practically no phonons are available, and 

thee energy necessary for activation of the back-transfer can be provided optically 

withh photons whose energies fall in the range of the energy mismatch. Indeed, with 

two-colorr spectroscopy using MI R radiation, we have observed experimentally the 

back-transferr process in InP:Yb [73]. Unfortunately, the maximum available en-

ergyy of the FEL-generated MI R photons is lower than the energy mismatch for 

Si:Er,, (hv)^L < 220 meV, and optical activation of the back-transfer is not to be 

expected. . 

Alsoo dissociation of excitons bound to isoelectronic defects formed by Cu and 
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Agg in a Si matrix has been reported to take place under FEL illumination, leading 
too quenching of the related PL bands [74]. However, the decrease of the Si.Er PL 
observedd in the present study cannot be explained exclusively by dissociation of 
excitons.. The lifetime of an exciton bound at the Er-related level is of the order of 
11 /is [27], and that of free excitons will not exceed few hundreds /is; thus we could 
nott expect quenching at a delay time of At = 100 /is, as seen in Fig. 7.2, or larger. 
Moreover,, as depicted in the inset of Fig. 7.4, for larger delay times (millisecond 
scale)) Er PL not only shows quenching but also enhancement, which suggests a 
moree complex mechanism. 

Takingg into account our earlier work on the MIR-induced energy transfers in 
Si:Err [66], we postulate assigning the quenching effect to an Auger de-excitation 
off  Er3+ ions, due to the energy transfer to free carriers appearing into the band 
followingg optical ionization of traps by the FEL. The existence of such a process has 
beenn suggested earlier from investigations of thermal quenching of the intensity and 
lifetimee of the Er-related PL in Si [41]. The proposed Auger de-excitation induced 
opticallyy by MIR radiation complements the model of energy transfers in the Si:Er 
systemm under optical pumping developed in our earlier studies. In this approach, 
wee consider that holes in the valence band, optically released from shallow traps 
byy the FEL pulse, give rise to the simultaneous occurrence of two (independent) 
processes,, of which one leads to excitation and the other to de-excitation of Er3+ 

ions.. In this way, we present here a model which permits a consistent description 
off  results obtained under various experimental conditions on differently prepared 
Si:Err materials. It follows from the assumption that the unusual annealing regime 
off  the sample used in the present study results in a high concentration of acceptor 
trapss and partial disordering of the Si matrix. This assumption is supported by 
thee broad, possibly inhomogeneous, line-shape of the Er3+ PL spectrum, as seen 
inn Fig. 7.1. The observed spectrum resembles that of Er3+ ions in Si02 or in 
disorderedd amorphous hydrogenated silicon [75] and is clearly different from that 
obtainedd in samples with the usual treatment - see the inset of Fig. 7.1. The 
modell  of the proposed energy transfer mechanisms is schematically depicted in 
Fig.. 7.5 and, in addition to the Auger quenching, includes the same processes 
invokedd previously in order to explain the afterglow and the MIR-induced Er PL 
enhancementt effects. First, we assume that the system is "prepared" for FEL 
probingg by pumping with a Nd:YAG laser. After band-to-band illumination, the 
generatedd free electrons and holes are captured at donor (Er-related level, DEr) 
andd acceptor (boron, Air) traps, respectively. Slow release of holes from traps 
(labelledd 1) gives rise to the afterglow effect due to recombination with electrons 
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FELL pulse 

Figuree 7.5: Schematic illustration of the proposed model of energy transfers. See 

texttext for detailed explanation. 

att the Er-related center (labelled 2) [66]. During the FEL pulse, holes are released 

intoo the valence band (labelled 3). We now consider three possibilities: 

1.. Holes can be recaptured at the traps (labelled 4) with a characteristic capture 
timee Tcap. 

2.. Holes can recombine non-radiatively with electrons at DET with a subsequent 

energyy transfer to Er3+ ions (excitation mechanism labelled 2) 

3.. Holes can acquire energy from excited Er3+ ions, leading to quenching of the 
Er-relatedd PL (labelled 5). 

Thiss last mechanism, representing the Auger de-excitation process of Er3+ ions by 

freee holes, is the new element introduced into the model. 

Since,, as discussed earlier, the observed PL quenching takes place on a short 

t imee scale of a few /xs, in the description of this process we can disregard the 

releasee of carriers (labelled 1) giving rise to the afterglow, which is slow at the 

temperaturee of the experiment. In this way, for a formal description of the model 

depictedd in Fig. 7.5. we can propose a set of rate equations valid during the FEL 
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pulse,, i.e., for t < 5 fxs. In this case, the concentration p of free holes in the valence 
bandd will be given by: 

%% = 0ÏFEL \Ntr{tFEL) - p] - A (7-1) 
dtdt Tcap 

wheree (3 is the MIR radiation absorption coefficient for trap ionization, IFEL is 
thee excitation density of the FEL beam, and Ntr{tFEL) is the concentration of 
populatedd acceptor traps at the time when FEL is fired tFEL. Equation (7.1) 
describess how the number of free holes changes due to the release from acceptor 
trapss by a FEL pulse (labelled 3 in Fig. 7.5) and the recapture at the traps 
(labelledd 4 in Fig. 7.5). Ntr{t) is given by: 

NNtrtr = Ntr{tFEL)-p, (7.2) 

wheree Ntr(tFEL) = N}r e x p ( - ^ ^ ). Here, rsr is the slow recombination or ther-
malizationn time due to release of holes from acceptor traps into the valence band, 
rr srsr « 30 ms [66], and JVj. the concentration of traps initially populated by the 
pumpp pulse (note that this value depends on the initial band-to-band excitation 
densityy as well as on the total concentration of traps available in the material). 

Finally,, the concentration of excited Er3+ ions, N*, is represented by 

^^ = CAP{N™TAL -N*)- CDpN* - — , (7.3) 
dtdt TET 

wheree N^TAL is the total concentration of optically active Er ions, CA and CD are 
thee coefficients of the processes of excitation and Auger de-excitation, respectively, 
andd rEr is the lifetime of Er in the excited state. The first term in Eq. (7.3) 
indicatess excitation of Er3+ which leads to the MIR-induced enhancement of Er 
PL.. The second term describes the de-excitation due to the interaction of Er3+ 

ionss with free holes, and the last term describes the spontaneous decay of Er. 
Thee rate equations (7.1 - 7.3) can be solved analytically leading to an expres-

sionn for the PL intensity as a function of experimental and material parameters. 
Here,, we restrict ourselves to numerical simulations of the above set of rate equa-
tionss illustrating the evolution of the system. In Fig. 7.6, we present how the 
concentrationn of excited Er3+ ions N* (determining the PL intensity) changes dur-
ingg the FEL pulse for two different regimes of (a) high and (b) low power of the 
initiall  band-to-band pump pulse. The initial population of excited Er3+ ions at 
thee beginning of the FEL pulse N*(tFEL) depends on the initial band-to-band 
excitationn density, as well as on the total concentration of Er3+ ions and trapping 
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Figuree 7.6: Simulation based on the proposed model to explain the transition from 

ErEr PL quenching to enhancement during the FEL pulse. Curves (a) and (b) 

areare for high and low pump powers, respectively. Depending on the concentra-

tiontion of traps and initially populated excited Er3+ ions, a transition between these 

twotwo regimes is observed. Open squares, circles, and down triangles correspond to 

NNTOTAL/TOTAL/NNTOTALTOTAL equd to gQ̂  00ĝ  md g  ̂ respectivdy FMed diamonds cor-

respondrespond to the case where CA > CD. See text for further details. In the inset of 

thethe figure, is shown a simulation based on the overall rate equations. A transition 

from,from, enhancement to quenching at a fixed delay time can be observed. 

centerss N'£°TAL and Nfr
OTAL. respectively, as previously reported [66]. Indeed, for 

highh pump powers even saturation of the excited Er and populated traps can be 

reached.. The simulation is performed for tFEL « 500 /xs and is based on the fol-

lowingg physical parameters: rcap K, 0.2 us, TET sa 1.5 ms. and CA/CD ss 1. Keeping 

thesee parameters fixed, we set the ratio of N~[r
0T AL / N^T AL to 0.04 (open squares), 

0.099 (open circles), and 0.2 (open triangles) in order to estimate the importance 

off  the total number of acceptor traps for the observed effects (thus reflecting the 

unusuall  heat-treatment used for the investigated material, as discussed earlier). 

Ass can be seen in Fig. 7.6 (curves labelled (a)) and in the inset of the figure, 

forr high band-to-band excitation density (when saturation of both Er excitation 

andd trap population is approached), we observe a reduction of TV* by the end 

off  the FEL pulse. This means that although the enhancement and quenching 
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processess occur simultaneously, the Auger effect prevails and a net decrease of the 
PLL intensity is observed. For low excitation density, curves labelled (b), which is 
thee case where many Er3+ ions can still be excited, we see that N* increases by the 
endd of the FEL pulse, thus leading to an enhancement of the PL signal. In this way, 
wee can now understand the experimentally observed transition from quenching to 
enhancementt upon increase of excitation pump density. Naturally, in a similar way 
wee can also explain the same transition occurring while changing the delay time 
betweenn the pump and the FEL pulses, depicted in the inset of Fig. 7.4 (although 
wee do not show the simulation of this process). The later the FEL is fired, the 
moree probable it is to observe a net enhancement of PL: since Er3+ decays with 
aa lifetime of rEr ~ 1-5 ms, many Er3+ ions will be available for excitation when 
FELL is fired with a delay oi At = 3 ms while only a small number of them, in the 
excitedd state, will contribute to the Auger quench. We note that for fixed pump 
densityy and delay time, either an enhancement or quench will dominate, regardless 
off  the power of the FEL pulse. Therefore, the transition between enhancement 
andd quench can never be observed by varying the FEL power, as indeed confirmed 
experimentally. . 

Thee dependence of the quenching effect on the FEL power simulated for a 
fixedd pump density and delay time (tpEL ~ 100 /us) is depicted by the solid line 
inn the inset of Fig. 7.2. It turns out to be similar to the behavior of the Er PL 
enhancementt [71], with saturation appearing due to ionization of all the populated 
acceptorr traps. Determination of the absolute values of the physical parameters 
enteringg the rate equation set (7.1 - 7.3) is difficult. In the simulations in Fig. 7.6, 
wee have used CA/CD ~ 1> assuming that the excitation and de-excitation processes 
aree equally efficient, so that there is no preference for one specific mechanism. 
Alsoo we have chosen a range of values from NI°TAL/N^TAL ~ (4 % _ 20 %), 
anticipatingg a high concentration of traps which could contribute to the Auger 
de-excitation.. In the previously developed model [66] in Chapter 4, the Auger 
quenchingg mechanism was not included. This was not necessary, as in that case 
noo quenching of PL was observed regardless of pump power or delay time. In 
orderr to account for that experimental evidence, we perform a simulation taking 
aa different value of CA/CD ratio and using the same fixed delay time. The result 
iss depicted in Fig. 7.6 (solid diamonds) for NjT

OTAL/N^TAL ~ 1 %. As can be 
seen,, if CA >  CD; no quenching is observed even for the highest pump power {as 
wass the case for the Si:Er materials investigated in our previous studies), and only 
thee enhancement effect is possible. 

AA separate issue is the PL quenching dependence on the effective duration of 
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thee FEL pulse depicted in Fig. 7.3 as (1 —QR). In order to simulate this effect, we 

simplifyy the rate equations. If we are in the high band-to-band excitation density 

regime.. N* saturates to the value N]PTAL. As a consequence, the first term on 

thee right side of Eq. (7.3) becomes zero. During t < 5 //s, the new Eq. (7.3) wil l 

be e 
dN* dN* 
_ __ = -CDPN\ (7.4) 

wheree we have neglected also the term N*/rEr, because the duration of the FEL 

pulsee is much shorter than the lifetime of the Er3+ ion in the excited state AtFEL 

<^^ TET (with this we make an approximation that during the short pulse none of 

thee Er ions de-excites). For the concentration of free holes in the valence band 

wee take the solution of Eq. (7.1), as depicted in the inset of Fig. 7.3 (during and 

afterr the FEL pulse). If we introduce this solution into Eq. (7.4). we get that the 

Err PL quenching is proportional to the integrated action of free holes. It can be 

shownn that the evolution of the system is then given by 

NNdexdex = A{rsr(l - e-**")  - (PIFEL + r-JJ- l̂ - e-W'™-+^>)}  (7.5) 

forr t< A tpEL and 

NNdexdex = Nlx +Porcap{\ - e H ' - * " ) ^ ] }  (7.6) 

forr t > A tFEL, where Ndex is the de-excitation term, defined as Ndex = 1 — 

(NFEL/KOFEL)(NFEL/KOFEL) a n d taking the values of A = (3IFELN^/{^IFEL + r^J - r ^1) , 

poo = A[e-ta  ̂ - e-
tD^lFE^T^}, and N x̂ = A{rsr(l - e-

At^r) - ((3IFEL + 
TTca\)~ca\)~ll 'C'C11 ~e-At^lFEL+T™pï)}. The time is counted from the Nd:YAG pulse. In this 

case,, the FEL is switched on {IFEL) with a delay time to- The value AtFEE = 5 

(is(is is the maximum duration of the FEL pulse. The solutions given by Eqs. (7.5 -

7.6)) are plotted as a solid line in Fig. 7.3. For small intervals A£, this expression 

givess a quadratic dependence on At. The quadratic dependence is valid only in 

thee time interval comparable to the capture time rcap. The quenching process 

proceedss even after the FEL pulse terminates until the free holes disappear from 

thee valence band. If we include this fact into our considerations, we get a smooth 

transitionn to the constant value regime, as shown by the solid line in Fig. 7.3 for 

AtAt > 5 fis. 

7.55 Conclusions 

Thee microscopic mechanism of abrupt quenching of the 1.54 ^m PL band observed 

inn some Si:Er samples upon MI R illumination with a FEL has been identified. De-
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tailedd experimental investigation and theoretical modelling have shown that this 
effectt is due to an Auger process of energy transfer between excited Er3+ ions 
andd free holes. The holes appear in the valence band as a result of FEL-induced 
opticall  ionization of traps available in the material and populated by the band-
to-bandd pump pulse. Therefore, the effect of PL quenching by the FEL is most 
pronouncedd in heavily defective Si:Er materials. In that case, it is best viewed un-
derr experimental conditions of high density of band-to-band excitation (i.e., close 
too saturation of the Er-related PL) and short delay times between the Nd:YAG 
andd FEL pulses. Following the results of this study, we propose to supplement the 
previouslyy developed model of energy transfers within the crystalline Si:Er sys-
temm with an additional term corresponding to the newly identified de-excitation 
mechanismm of Er3+ ions. The MIR-induced ionization of shallow traps gives rise to 
twoo competing effects of PL enhancement and quenching; which of them prevails 
dependss on sample parameters and on the particular conditions of the experiment. 
Wee show that simulations based on the mathematical description with the energy 
transferr model complemented with an Auger quenching term reproduce satisfac-
torilyy the experimental results obtained for differently prepared materials. 
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Chapterr 8 

Siliconn nanocrystals as sensitizers 
forr Er photoluminescence in SiC>2 

SensitizationSensitization of Er3+ photoluminescence in SiO% layers by silicon nanocrystals has 

beenbeen investigated under resonant and non-resonant, pulsed and continuous optical 

pumping.pumping. We conclude that under pulsed pumping the very efficient channel of Er 

excitationexcitation introduced by Si nanocrystals is easily saturated for higher photon fluxes. 

AsAs a result, only a small percentage of the erbium ions (less than 0.2 %) can be 

excitedexcited in this way. Moreover, we also find that the total concentration of optically 

activeactive Er3'1' ions (excitable either directly or indirectly) is considerably reduced 

uponupon doping with Si nanocrystals. These results indicate that careful material 

engineeringengineering is required for optimization of the sensitization process introduced by 

SiSi nanocrystals in SiÖ2'Er 

8.11 Introduction 

Duee to the spectroscopically sharp and temperature-stable radiative transition at 

AA — 1.54 ^m, which coincides with a minimum of loss in optical fibers, the Er3+ ion 

iss the optical dopant of choice for optoelectronic devices. Si LED's were already 

demonstratedd [18, 19], but the development of a silicon laser is still a matter of 

research. . 

Thee concept of optical doping demands contradictory conditions to be simul-

taneouslyy met: the suitable host should provide efficient excitation of the dopant 

whilee not influencing (disturbing) its emission. Semiconductor hosts are especially 

attractive,, as they offer a possibility of an efficient band-to-band absorption. It 

wass shown that the excitation cross section of photoluminescence (PL) of erbium 
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inn crystalline silicon is several orders of magnitude larger than in a dielectric matrix 

suchh as SiC>2 [28]. Unfortunately, non-radiative de-excitation processes characte-

risticc for Si lead to thermal quenching of emission [28. 76]. On the other hand, 

aa dielectric provides good thermal stability of Er3+ PL, but the excitation effi-

ciencyy is in this case low. as only resonant energy absorption by the 4/-electron 

coree of Er3+ is possible. To combine the advantages of both hosts, a new type of 

Si-derivedd Er-doped optical medium is recently being explored. It comprises an 

Er-dopedd S i02 matrix in which a high concentration of silicon nanocrystals (Si-nc) 

aree dispersed [77, 78, 79. 80, 81]. In this heterogeneous medium (Si02:Si-nc,Er). 

absorptionn and emission processes are spatially separated. The incoming pho-

tonss are captured by the Si-nc's due to efficient band-to-band absorption [82. 83]. 

Subsequently,, the excitation energy is transferred [84] to Er3+ ions located pre-

ferentiallyy outside Si-nc [85]. Due to the large Si02 band gap. such a location 

providess thermal stability of emission. The Si-nc's-mediated energy transfer offers 

ann effective excitation cross section of aexc ~ 10~16 cm2 [86, 87], much higher than 

thee 10~21 - 10~20 cm2 excitation cross section of Er3+ in Si02 [16]. Moreover, since 

band-to-bandd absorption of Si-nc's is possible in a broad spectral range [82], Er3+ 

excitationn does not have to be resonant with internal transitions within the 4 /-

electronn core. In this way, an efficient channel for nonresonant excitation leading 

too temperature-stable emission from Er3+ ions is realized. 

Nevertheless,, despite the increase by a factor of about 104 of the effective 

excitationn cross section and elimination of thermal quenching, multiple reports 

onn PL of Er-doped Si02:Si-nc show a more modest emission intensity increase 

off  approximately two orders of magnitude [78, 80, 81]. In the current study, we 

investigatee the origin of this discrepancy. In particular, we show that under pulsed 

pumpingg only a small percentage of the Er3+ ions can be excited via the efficient 

energyy transfer enabled by Si-nc's. While a possibility of optical gain in Si02:Si-nc 

hass been reported [59], current findings show that careful engineering of the doping 

withh Si-nc's would be required for efficient sensitization. 

8.22 Experimental 

Thee measurements were performed on two sets of samples: SiC^Er, and Si02:Si-

nc,Er,, specially prepared for this study. The investigated layers of 100 nm thickness 

weree grown on Si02 substrates by Plasma Enhanced Chemical Vapor Deposition 

(PECVD),, and represent the state-of-the-art dispersions of Si-nc's in Er-doped 

S i02 .. Details of the fabrication procedure can be found elsewhere [81, 86]. From 
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Figuree 8.1: Normalized photoluminescence spectra of samples #1 (dashed line) and 

#2#2 (solid line) as measured at T = 300 K under resonant excitation at \exl. = 520 

nmnm and nonresonant excitation at \exc = 472 nm, respectively. In the inset, the 

decaydecay traces measured at \ = 1535 nm for sample #2 under two different excitation 

densitiesdensities are shown. 

plainn view transmission electron microscopy, the concentration and mean diameter 

off  nanocrystals were found to be about 5 x 1017 — 1 x 1018 cm- 3 and 3.5 nm. 

respectively.. Er ions were then implanted into the layers at equal energies and 

doses,, to assure identical doping concentration. The implantation procedure was 

followedd by annealing at 900°C for 1 hour in order to remove residual damage. 

Thee description of the samples is summarized as follows: 

Sample e 

#1 1 
42 2 

[Si-nc] ] 

--

55 x 1017 - 1 x 1018 cm"3 

[Er3+] ] 

2.22 x 1020 c n r3 

2.22 x 102() cm"3 

Thee PL measurements were carried out under pulsed and continuous pumping. 

Ass the pulsed source, a tunable Optical Parametric Oscillator (OPO) was used, 

producingg pulses of 5 ns duration with 20 Hz repetition. By scanning the OPO 

wavelengthh (480-1000 nm range), a photoluminescence excitation (PLE) studies 
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couldd be performed. For continuous pumping, the A = 514.5 nm line of an Ar + 

laserr was used. The emerging luminescence was resolved with a single grating 

spectrometer.. PL spectra were recorded with a germanium detector, and the PL 

dynamicss were measured with a near infrared photomultiplier. The measurements 

weree performed at room temperature. 

8.33 Results 

Figuree 8.1 shows the room temperature PL spectra of samples #1 and # 2. Both 

exhibitt a very similar PL band at A % 1.5 fim, originating from the 4/i3/2 —> 4ho/2 

transitionn within the 4/-electron core of an Er3+ ion. In the experiment, sample 

# 11 was excited resonantly with the optical parametric oscillator set to \exc — 520 

nm,, corresponding to the 4I\*,/2 —  2Hn/2 transition. For sample # 2. an identical 

spectrumm was obtained for a broad range of excitation wavelengths. We conclude 

thatt the Er3+ PL spectrum is not affected by the presence of Si-nc's. In contrast 

too this, introduction of nanocrystals changes the decay dynamics of Er-related PL 

fromm a single exponential with rE
l
r
 2 « 11 ms to a stretched exponential, as gene-

rallyy found in nanocrystaline materials [88, 89], with T§l
r~

nc ^ 3 ms and 0 « 0.7 

[90].. We note that the decay characteristics of the Si-nc sensitized PL are practi-

callyy independent of the excitation density, as illustrated in the inset of Fig. 8.1. 

Inn principle, the observed reduction of the decay time in sample #2 can be due 

too introduction of non-radiative processes or reduction of the radiative lifetime of 

thee 4/i3/2 excited state. The latter could be induced by the change of refractive 

indexx in the heterogeneous medium [91]. The 2 % volume content occupied by 

Si-nc'ss (as estimated from the concentration and size of Si-nc's) results in effec-

tivee dielectric-constant and refractive-index values ee// « 4.05 and neff « 2.01, 

respectivelyy (taking est = 12 and €gio2
 = 4). Therefore, the effect of Si-nc on the 

refractivee index is minor, and the corresponding shortening of the radiative decay 

timee is negligible (0.6 %). Thus, the experimentally measured considerable change 

off  the decay time indicates an important role of non-radiative processes (these 

aree not thermally activated, since the decay dynamics is practically temperature 

independent). . 

Figuree 8.2 shows the low-temperature excitation spectra of Er-related PL at A 

== 1.53 /im for the samples #1 {without Si-nc) and #2 (with Si-nc). As can be 

seen,, for Er3+ ions in Si02 only resonant excitation is allowed with emission peaks 

correspondingg to internal transitions within the 4/-electron core. Introduction 

off  Si-nc's (sample #2) allows indirect excitation over a broad wavelength range. 
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Figuree 8.2: Photoluminescence excitation spectra for samples with (#2) and with-

outout (#1) Si-nc's. The PL intensity at 1535 nm is plotted as a function of the 

excitationexcitation wavelength. See text for further explanation. 

Forr both samples, the PL intensity varies strongly with excitation density, as 

presentedd in Fig. 8.3. where the PL intensity (measured again at A = 1.53 //m) is 

shownn as a function of excitation density for photon flux up to 3 x 1025 cm s_ 1. 

Thee curves represent PL from: (a) SiC^Er (sample #1) excited at Aexc = 520 

nm;; (b) Si02:Si-nc,Er (sample #2) excited at Xexc — 520 nm. where indirect and 

directt excitation channels are possible, and (c) Si02:Si-nc,Er (sample #2) excited 

att Xexc = 510 nm (indirect excitation only). Trace (d) represents the difference 

betweenn the last two measurements and corresponds to the contribution of direct 

excitationn of Er in the presence of Si-nc's. Al l the measurements were performed 

withh the same experimental settings, so that the PL intensity scale is common 

forr all the data points. As can be seen, the indirectly excited Er3+ emission from 

SiC^Err (c) clearly saturates. This saturation level can be exceeded when also the 

directt excitation channel of the Er3+ ions is enabled by setting the OPO to Xexc 

==  520 nm - i.e. in trace (b). Apparently, when the indirect excitation channel 

saturates,, direct excitation, despite its much smaller cross section, gives a sizeable 

PLL contribution, which increases linearly with the flux - trace (d). Although not 
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shownn here, the decay characteristics of the Er-related PL signal from sample #2 

aree identical for Xexc — 510 nm and Xexc — 520 nm. i.e.. the decay characteristics do 

nott depend on the excitation mode. For completeness, it is interesting to observe 

thatt the weak PL band at A = 950 nm. corresponding to emission from Si-nc's 

(nott depicted) present in the PL spectrum of sample # 2, does not saturate and 

increasess linearly over the whole investigated photon-flux range. In the inset of 

Fig.. 8.3, a detail of the excitation spectra for samples #1 and #2 around \exc 

—— 520 nm is depicted. The measurements have been performed at the highest 

availablee photon flux of 3 x 1025 cm"2s_ 1. For SiC^iEr (sample #1), a strong peak 

att Xexc = 520 nm. corresponding to the resonant excitation into the 2H\\j2 state, 

iss clearly visible. In the presence of Si-nc's (sample #2 ), Er-related PL can be 

excitedd over a wide wavelength range; nevertheless a small peak appears for Xexc 

== 520 nm. It should be noted that the spectral width of the OPO is about 0.5 nm 

andd thus the measured broadening of the PL excitation line is not instrumental, 

butt reflects the physical width of the 4/i5/2 —  2-#ii/2 transition of an Er3+ ion. 

8.44 Discussion 

Too extract quantitative information from these measurements, we use a simple 

two-stagee model of Er34" excitation, where excitation and emission in the system 

aree described by the rate equations: 

^=**(N^=**(N ErEr-N*-N*ErEr)-^.)-^. (8.1) 

Heree NEr and NEr are the concentrations of optically active Er34" ions in the 

groundd and the excited state, respectively, a is the effective excitation cross section, 

<£>> is the photon flux, and r is the effective lifetime of the Er34" ion in the excited 

state.. In the present experiment, the duration of the OPO pulse (At = 5 ns) 

iss much shorter than the characteristic lifetime r of Er3+ in the excited state 

(At(At «C r ) . We may therefore assume that recombination does not take place 

duringg illumination, and only excited state population is built up. Within this 

approximation,, we can neglect the last term of Eq. (8.1) and determine the excited 

populationn obtained after the pulse At as: 

NNErEr(t(t = At) = JV£P[1 - exp(-<r$A*)I . (8.2) 

Forr low excitation density, when a$At <C 1, this formula gives a linear dependence 

onn the flux: NEr(t) = a$NErAt. On the other hand, when a$At » 1, the 
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Figuree 8.3: Photon flux dependence of the PL intensity at A = 1535 nm. The 

followingfollowing data sets are displayed: (a) SiO-z'-Er sample excited at Xexc = 520 nm; 

(b)(b) SiOz'-Si-nc,Er sample excited at Xexc = 520 nm (indirect and direct excitation 

areare both enabled): (c) SiO%:Si-nc,Er sample excited at Xexc = 510 nm (indirect 

excitationexcitation only); (d) The difference of the last two data sets (b)-(c). corresponding 

toto PL due to direct Er excitation in the presence of Si-nc 's. 

exponentiall  term can be neglected, and we arrive at saturation: all available Er3+ 

ionss participating in the process become excited and N r̂ = Ngr. In order to 

comparee with experiment, we note that in the measurement the emission pulse is 

integratedd over time. Since the PL emission is proportional to NEr./Trat{, the result 

off  the measurement is NErT/Trad (time integral of an exponential decay). From 

Fig.. 8.3 we conclude that the intensity of PL from the Si02:Er. trace (a), shows a 

linearr dependence over the whole investigated flux range. The PL intensity is in 

thiss case given as: 

hio,hio, = o-NETAt$ . (8.3) 

Forr the Si02 system, the specific values of all parameters are known: o~(Aexc = 

5200 nm) = 2 x KT 20 cm2 [16], NEr = 2.2 x 1020 cm- 3 (all implanted ions are 

opticallyy active), and T/rrari = 1 (we assume that non-radiative processes are not 

takingg place in SiC^). Therefore, we can calculate the excited Er concentration cor-

respondingg to a given value of the PL intensity. In this way, the well-characterized 
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Si02:Err system is used to convert the PL intensity into the concentration of excited 

Err ions. This is shown in the upper part of the right hand vertical scale of Fig. 

8.3.. Although the PL intensity scale is common for all data sets in Fig. 8.3. the 

excitedd state population scale for sample #2 should be corrected for non-radiative 

recombinationn which is likely to appear upon introduction of Si-nc's. As discussed 

before,, the measured effective decay changes in this case by a factor 3.6. while only 

0.66 % shortening of the radiative decay time can be expected due to the effective 

refractivee index of the medium. We therefore conclude that the r/Trad ratio for 

samplee #2 is changed by a factor 3.6. (The outcoming PL emission is also affected 

byy the change of the refractive index, but this effect is negligible.) Consequently, 

thee excited state population in sample #2 has to be 3.6 times higher in order to 

givee a PL signal intensity equal to that of sample # 1. This correction is included 

inn the lower part of the right hand scale in Fig. 8.3. We now conclude that the PL 

saturationn observed for sample #2 corresponds to an excited Er3+ concentration 

off  about NMAX ~ 4.5 x 1017 cm- 3 , which means that only this erbium content can 

bee excited via nanocrystals {about 0.2 % of the nominal concentration). Trace (c) 

cann also be used to determine the effective excitation cross section a of the indirect 

excitationn channel introduced by Si-nc's. Fitting with Eq. (8.2) gives a value of 

aa — 3 x 10- 17 cm2 , similar as reported before [81. 87]. We note, that a can 

alsoo be estimated from the general formula for the excitation cross section of Er3+ 

inn crystalline silicon [64], leading to a similar value. This consistency validates a 

posterioriposteriori application of the simplified description of the excitation process by Eq. 

(8.1). . 

Onee may suspect that the observed limitation of the excitation process lies in 

thee short duration of the laser pulse (At % 5 ns). Such a situation is likely to arise 

if,, e.g., one nanocrystal activates many Er3+ ions while being unable to accumulate 

excitonss [83]. To investigate this possibility, we checked whether the high value of 

thee excitation cross section a and the limited concentration of Er3+ ions excitable 

viaa the Si-nc's, determined under pulsed pumping, can account also for the PL 

enhancementt observed under low-power continuous excitation. 

Inn the experiment conducted at room temperature, under low excitation density 

pumpingg with the 514.5 nm line of an Ar+ laser, we find that the Er PL intensity 

increasess about 65 times upon introduction of Si-nc. For a description of the 

excitationn process under continuous pumping, we resort again to Eq. (8.1), as 

commonlyy done. Under conditions of low-frequency modulated illumination with 

ann Ar + laser, a steady-state population of excited Er3+ is reached and the left side 

off  Eq. (8.1) becomes zero. The excited state concentration can now be evaluated 
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N i MM = ^¥TXNE'  ( 8 ' 4 ) 

Inn the low power regime of <rr<& <C 1, we arrive to a linear dependence of the PL 

intensityy on the photon flux: 

II = °TibNE' . (8.5) 
Trad Trad 

Forr the PL intensity ratio in the samples with and without Si-nc, we get 

lSi0lSi022:Si-nc,Er:Si-nc,Er O Si02:Si-nc,Er x ^MAXV lTrad > 

^Or.Er^Or.Er aSl0r.Er X N { r ^ ^ r J^^^ 
(8.6) ) 

wheree NMAX is the maximum Er population excitable via the nanocrystals, and 

NN is the total concentration of Er ions. If we consider that upon introduction 

off  Si-nc's the excitation cross section is increased by a factor of 4.3 x 103, the 

excitablee Er population is reduced to 0.2 %, and the ratio rjr ra^ is decreased by 

aa factor 3.6, then using Eq. (8.6) we find that sample #2 should give about 2.7 

timess more intense PL than the reference sample # 1. This is indeed observed in 

thee linear regime of pulsed excitation, where the Si-nc sensitized emission is about 

threee times stronger than the Si02:Er PL (see Fig. 8.2). 

Whenn the Ar + laser is used, we should take into account that the A = 514.5 

nmm line is not resonant with the 4/i5/2 —> 2# n /2 transition at 520 nm. From 

thee broadening of SiC^Er PLE line (Fig. 8.2), we conclude that the excitation 

crosss section at 514.5 nm is 10 times smaller than at 520 nm. It wil l influence 

thee PL intensity ratio in favor of Si-nc's: 1sio2.Si-nc,Er11Si02-Er ~ 30. Bearing in 

mindd the approximations made, we arrive to a very reasonable agreement with the 

experimentallyy obtained ratio of about 65. 

Inn the past, Si-nc induced enhancement of the Er3+ PL has been often compared 

underr semi-resonant excitation using the A = 488 nm line of an Ar + laser. Under 

thesee conditions, an increase by two orders of magnitude has been consistently 

reportedd [78, 80, 81]. In this case, for an intensity evaluation, we note that the 

directt excitation cross section at Xexc = 488 nm is much smaller than at Xexc — 

5200 nm [16]: The PLE signal of the SiC^Er sample at this wavelength is about 

300 times lower than at Xexc — 520 nm - see Fig. 8.2. From Eq. (8.6), we get: 

IsioIsio22:Si-nc/lsi02:Si-nc/lsi02 ~ 80, again in good agreement with the experimental findings. 

Wee therefore conclude that the PL saturation observed in Fig. 8.3- trace (b) for 

thee short-pulse excitation regime explains also the moderate increase (two orders 

onn magnitude) of the steady-state PL intensity observed in Si02:Si-nc,Er under low 

densityy cw excitation. While introduction of Si-nc's enables efficient non-resonant 
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excitationn of Er3+ ions in Si02. under pulsed pumping only a small proportion 

off  the ions available in the host can be excited in this way. We recall here that 

saturationn of Si-nc sensitized Er PL has also been reported for continuous mode 

pumpingg [92]. 

Thee introduction of Si-nc's also has another effect. Trace (d) in Fig. 8.3 

correspondss to the contribution from the directly excited Er3+ ions in the sample 

# 2.. The flux dependence of this emission is linear, like that for Si02:Er - trace (a), 

butt with a smaller slope. If the direct excitation cross section is assumed to be the 

samee in both samples, the slope difference implies a reduction of the concentration 

off  optically active Er ions. From this we conclude that introduction of Si-nc's 

renderss a sizeable percentage of Er3+ ions optically nonactive: in comparison to 

thee reference Si02:Er sample (#1). only 33 % of the Er can contribute to the PL, 

regardlesss of the excitation mode. 

8.55 Conclusion 

Inn conclusion, the current findings show that under pulsed pumping only a very 

limitedd number of the available Er3+ ions (0.2 % for the investigated sample) can 

bee excited by the efficient energy transfer path provided by doping of S i02 with 

Si-nc's.. At the same time, the major part of the Er3+ ions lose optical activity 

uponn introduction of Si-nc's and does not contribute to the PL even under reso-

nantt excitation. Therefore, sensitization of Er3+ PL with Si-nc's is most effective 

underr conditions of low pumping density. Future studies must show7 whether these 

apparentt limitations of the Si02:Er sensitization induced by Si-nc's can be sur-

passedd by careful engineering of the material. Here, especially the concentration 

ratioo between sensitizers and optically active Er3+ ions seems to be of crucial 

importance. . 
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Summary y 
Thiss thesis presents results of fundamental investigations of energy transfer 

processess in erbium-doped crystalline and nanocrystalline silicon by optical spec-

troscopy. . 

Thee motivation for the study comes from the importance of silicon for electronic 

industry.. Available in large, high-purity crystals with convenient band gap energy 

off  approximately 1.12 eV, being easy to dope, relatively cheap and environmentally 

friendly,, crystalline silicon (c-Si) has dominated electronic technology. During the 

500 years of (silicon) device development, a steady increase of integration scale has 

beenn taking place: while the first transistors had a volume comparable to that of 

aa light bulb, a contemporary integrated circuit of a nail size contains millions of 

individuall  elements. According to the Moore law, the number of transistors per 

areaa of an integrated circuit doubles every couple of years, and this continuous 

progresss forms a true backbone of today's "information society ". However, it is 

generallyy expected that within this decade further increase of the integration scale 

wil ll  encounter fundamental limits, which cannot be overcome by engineering. A 

possiblee solution may be sought in changing from electronics to "photonics", with 

photonss and not electrons as information carriers. This photonic alternative and 

aa possibility to integrate electronic and photonic components in a single chip, 

providess major motivation for investigations of optical properties of silicon. In 

generall  due to the indirect nature of its band gap, silicon is not considered to be a 

suitablee material for optoelectronic and photonic applications. In order to enhance 

efficiencyy of radiative recombinations and thus improve optical properties, several 

approachess are vigorously pursued. Among these, band gap engineering in micro-

andd nanostructures and optical doping with rare earth ions appear as the most 

promisingg ones. Results pertinent to both approaches are presented in this thesis. 

Specificc aspects of optical doping of c-Si with Er3+ ions are explored in Chapters 3-

7.. The interest in doping with Er comes from applications in telecommunications, 

sincee the 1.54 //m emission wavelength, due to the 4/i3/2 —  4/is/2 transition of 

Er3++ ion, falls in the region of minimum losses for optical fiber. The last section 

(Chapterr 8) is devoted to Si nanocrystals in Er-doped silicon dioxide. 

Inn Chapter 1, an introduction to recombination processes in c-Si is given, with 

emphasiss on photon emission from optical dopants. In particular, motivation for 

investigationn of energy transfer processes relevant to excitation and de-excitation 

processess of the rare-earth ion Er3+ in silicon matrix is presented. 



Chapterr 2 describes experimental techniques used in this work. Steady state 

andd time-resolved photoluminescence and photoluminescence excitation spectros-

copyy are briefly outlined. Some more attention is given to the two-color spec-

troscopyy performed at the Dutch free electron laser facility FELIX in Nieuwegein. 

Thiss novel approach widely used in the investigations presented in this thesis gives 

uniquee insights into the physics of energy transfers. 

Chapterr 3 presents general concept of excitation process of Er in crystalline 

andd amorphous Si under optical pumping and discusses physical meaning of the 

Augerr excitation coefficient. Participation of free excitons and excitons bound 

att an Er-related level in the excitation process is considered. Auger excitation 

crosss section is found to be independent of the excitation mechanism, and defined 

roughlyy by the ratio of the matrix absorption coefficient to the concentration of 

opticallyy active Er3+ ions. It is argued that these conclusions are also valid for 

otherr rare earths ions when used as optical dopants. 

Inn Chapter 4, the afterglow effect of slowly decaying Er emission is identified 

inn c-Si:Er at low temperatures under Nd:YAG pulsed excitation. The afterglow 

iss found to be related to the earlier reported mid infrared-induced Er photolumi-

nescencee enhancement. A microscopic mechanism, involving thermalization and 

subsequentt recombination (at an Er-related level) of non-equilibrium carriers, is 

proposedd as the mechanism responsible for the slow emission. The non-equilibrium 

carriers,, generated by the initial Nd:YAG laser pulse, are released from shallow7 

trapss upon illumination with a free electron laser. The proposed mechanism is 

confirmedd by temporal and spectral analysis of the emission. 

Inn Chapter 5, the results from Chapter 4 are discussed in terms of an optical 

memoryy effect. It is argued, that information can be stored ("written") in a Si:Er 

elementt by a laser pulse capable of band-to-band excitation, and then retrieved 

("read")) with a laser with photon energy below that of the band gap. The opti-

call  "writing"process of information storage is much faster than the thermal one. 

Possiblee application of this effect for development of all-optical all-silicon memory 

elementss for photonic circuits is mentioned. 

Chapterr 6 presents a microscopic model of excitation mechanism responsible for 

thee afterglow and the mid infrared-induced enhancement of Er photoluminescence. 

I tt is shown that although recombination of an electron-hole pair is necessary for 

Err excitation, both phenomena are effectively governed by availability of one type 

off  carriers only. These are identified as free holes, which appear in the band due to 

ionizationn of shallow acceptor traps. The microscopic model involves population 

off  shallow acceptor traps during the initial band-to-band laser pulse, and a two-



stepp excitation, where electrons localized at an Er-related level recombine {on an 

arbitraryy time scale) with holes released from the traps. This process is distinctly 

differentt from the excitonic mechanism, discussed in Chapter 3. Implication of 

thesee findings for development of thermally stable electrically driven light emitting 

devicess based on c-Si:Er are explored. 

Chapterr 7 reports on de-excitation of Er3+ ions in Si induced by illumination 

withh a free electron laser. The effect is interpreted as an Auger energy transfer 

betweenn excited Er3+ ions and free holes generated by optical ionization of shallow 

acceptorr traps by a mid-infrared radiation. The efficiency of this PL quenching 

mechanismm is shown to depend on concentrations of excited Er ions and traps pop-

ulatedd at the moment when the free electron laser pulse is applied. The proposed 

processs complements the description of energy transfers in Er-doped crystalline 

siliconn under optical pumping. The microscopic model of energy transfers in c-

Si:Er,, as developed in previous chapters, is now extended to include an additional 

de-excitationn term describing the newly identified process. 

Finally,, driven by the recent interest in nanocrystalline silicon for optical am-

plification,, Chapter 8 explores the role of silicon nanocrystals (Si nc's) as efficiënt 

sensitizerss of Er luminescence in Si02 matrix. By careful comparison of results 

obtainedd using resonant and non-resonant pulsed pumping, two different excita-

tionn paths of Er3+ ions in SiC>2 doped with Si nc's are separated and identified. 

Thee first one proceeds by the direct absorption of incoming photons by Er3+ ions 

andd is characterized by low excitation cross-section. The second one involves pho-

tonn absorption in Si nc's and subsequent energy transfer to Er3+ ions. While 

thee second process is indeed very efficient (resulting in approximately 104 higher 

excitationn cross section), the measurements show that only 0.2% of the total Er 

concentrationn available in the investigated sample can be excited by this channel. 

Moreover,, upon introduction of nanocrystals, a large fraction (66%) of the total 

Err concentration loses optical activity and does not contribute to the luminescence 

regardlesss of the excitation mode. These results show that careful optimization 

iss necessary in order to take advantage of the sensitization effect of Si nc's on 

emissionn of Er in SiCv 





Samenvatting g 
Ditt proefschrift presenteert de resultaten van fundamenteel onderzoek naar 

processenn van energie overdracht in Erbium-gedoteerde kristallijn silicium en nano-

kristallijnn silicium gedaan met behulp van optische spectroscopie. 

Dee aanleiding voor deze studie is het belang van silicium voor de elektronis-

chee industrie. Doordat kristallijn silicium (c-Si) beschikbaar is in grote, zeer pure 

kristallen,, een geschikte bandkloof-energie heeft van ongeveer 1.12 eV, eenvoudig 

iss te doteren en relatief goedkoop en milieu vriendelijk is, heeft het de elektronische 

industriee gedomineerd. De laatste 50 jaar van ontwikkeling van siliciumcomponen-

ten,, heeft een constante toename van de schaal van integratie laten zien: terwijl de 

eerstee transistor een volume had dat vergelijkbaar is met een gloeilamp, bevat een 

modernee IC-schakeling ter grootte van een nagel miljoenen componenten. Volgens 

dee wet van Moore verdubbeld het aantal transistoren per oppervlak van een IC-

schakelingg elk jaar en vormt dit continue proces de ruggengraat van onze huidige 

"informatie-maatschappij".. Men verwacht echter dat dit decennium de verdere 

toenamee van de integratie schaal op fundamentele limieten zal stuiten, welke niet 

overwonnenn kunnen worden met de huidige technieken. 

Eenn mogelijke oplossing kan worden gezocht in de overgang van elektronica naar 

fotonica,, waarbij fotonen inplaats van elektronen voor de informatie-overdracht 

zorgen.. Dit alternatief tezamen met de mogelijkheid om elektronische en fotonis-

chee componenten op een chip samen te brengen, zorgt voor een zeer belangrijk 

argumentt voor onderzoek naar de optische eigenschappen van silicium. 

Inn het algemeen wordt silicium door zijn indirecte bandkloof niet beschouwd 

alss een geschikt materiaal voor opto-electronische en optische applicaties. Om de 

efficiëntiee van optische recombinaties te vergroten en op die manier de optische 

eigenschappenn te verbeteren, worden een aantal manieren van aanpak onderzocht. 

Manipulatiee van de bandkloof in micro- en nano-structuren en optische dotering 

mett zeldzame aardmetalen behoren tot de meest veelbelovende methodes. 

Resultatenn van beide manieren van aanpak worden gepresenteerd in dit proef-

schrift.. Specifieke aspecten van optische dotering van c-Si met Er3+ ionen worden 

onderzochtt in hoofdstukken 3 tot en met 7. De interesse voor dotering met Er komt 

vann toepassingen in telecommunicatie, omdat de 1.54 //m emissie, door de 4 / i 3 / 2 

—**  4-fi5/2 overgang van het Er3+ ion, in het gebied valt waar optische fibers een 

minimumm aan verlies hebben. Het laatste hoofdstuk is gewijd aan Si nanokristallen 

inn Er-gedoteerd silicium dioxide. 



Inn hoofdstuk 1 wordt een introductie in recombinatie processen in c-Si gegeven, 

mett de nadruk op emissie van fotonen van optische gedoteerde elementen. In het 

bijzonderr wordt het motief voor het onderzoeken van energie-overdrachtprocessen, 

diee relevant zijn voor de excitatie en de-excitatie van het Er-ion in het silicium 

matrix,, gepresenteerd. 

Hoofdstukk 2 beschrijft de experimentele technieken die gebruikt zijn in dit 

werk.. Constante- en tijdsopgeloste fotoluminescentie en fotoluminescentie excitatie 

spectroscopiee worden kort geschetst. Er wordt aandacht geschonken aan twee-

kleurenn spectroscopie welke is toegepast bij het Nederlandse vrij e-elektronen-laser 

instituutt in Nieuwegein (FEL). Deze nieuwe aanpak, die veel wordt gebruikt in 

hett onderzoek dat gepresenteerd wordt in dit proefschrift, geeft een uniek inzicht 

inn de natuurkunde van energie-overdrachten. 

Hoofdstukk 3 beschrijft het algemene concept van excitatie processen van Er in 

c-Sii  en amorf Si tijdens optisch pompen en bespreekt de natuurkundige betekenis 

vann de Auger excitatie coëfficiënt. Deelname van vrije excitonen en excitonen die 

gebondenn zijn aan Er-gerelateerde niveau's worden in overweging genomen. De 

Augerr excitatie crosssectie blijk t onafhankelijk te zijn van het excitatie mecha-

nisme,, en wordt ruwweg bepaald door de ratio van de absorptie coëfficiënt van 

dee matrix en de concentratie van optisch actieve Er-ionen. Het wordt beargu-

menteerdd dat deze conclusies ook geldig zijn voor andere zeldzame aardmetalen 

wanneerr deze worden gebruikt als optische dotering. 

Inn hoofdstuk 4 wordt het "afterglow" effect van langzaam vervallende Er-emissie 

geïdentificeerdd in c-Si:Er bij een lage temperatuur na excitatie met een Nd:YAG 

gepulstee laser. De "afterglow" blij kt gerelateerd te zijn aan de eerder gerappor-

teerdee versterking van Er fotoluminescentie door midden-infrarood licht. Een 

microscopischh mechanisme, waarbij "thermalization"en daarop volgende recombi-

natiee van niet-evenwichts ladingsdragers bij een Er-gerelateerd niveau plaatsvindt, 

wordtt aangedragen als het mechanisme dat verantwoordelijk is voor de langzame 

emissie.. De niet-evenwichts ladingsdragers die worden gegenereerd door de initiële 

YA GG laser puls, komen vrij van ondiepe niveau's na de belichting met een vrije-

elektronenlaser.. De validiteit van het voorgestelde mechanisme wordt bevestigd 

doorr tijdsopgeloste- en spectrale- analyse van de emissie. 

Inn hoofdstuk 5 worden de resultaten van hoofdstuk 4 besproken op basis van een 

optischh geheugen effect. Er wordt beweerd dat informatie kan worden opgeslagen 

("geschreven")) in een Si:Er-element door een laserpuls die een excitatie van band 

tott band kan bewerkstelligen en vervolgens kan worden teruggehaald ("gelezen") 

doorr een laser met fotonenergie lager dan de bandkloof. Het optische "schrijf1-



process van informatie is veel sneller dan een thermisch schrijfproces. Mogelijke 
toepassingg van dit effect voor de ontwikkeling van een geheel optisch silicium 
geheugenelementt voor fotonische schakelingen wordt voorgesteld. 

Hoofdstukk 6 presenteert een microscopisch model van het excitatie-mechanisme 
datt verantwoordelijk is voor het "afterglow"-effect en de versterking van Er lumi-
nescentiee door midden-infrarood licht. Er wordt aangetoond dat, ondanks dat 
eenn recombinatie van een elektron-gat paar nodig is voor een Er excitatie, beide 
fenomenenn worden gestuurd door de beschikbaarheid van slechts één ladingsdrager. 
Dezee worden geïdentificeerd als een vrij gat, welke in de band verschijnen door 
ionisatiee van ondiepe acceptor "traps". Het microscopische model omvat de pop-
ulatiee van ondiepe acceptor "traps" tijdens de initiële band tot band laser puls 
enn een twee-stappen excitatie, waar elektronen die gelokaliseerd zijn bij een aan 
Err gerelateerd niveau, recombineren (op willekeurige tijdsschaal) met gaten die 
vann de "traps"worden vrijgemaakt. Dit proces verschilt duidelijk van het exci-
tonischee mechanisme dat in hoofdstuk 3 wordt besproken. De implicaties van 
dezee bevindingen voor de ontwikkeling van thermisch stabiele, elektronisch aange-
dreven,, lichtgevende apparaten op basis van c-Si:Er worden onderzocht. 

Hoofdstukk 7 rapporteert over de de-excitatie van Er3+-ionen in silicium door 
hett illumineren met een vrije-elektronen-laser. Het effect wordt geënterpreteerd 
alss een Auger energie-overdracht tussen geëxciteerde Er3+-ionen en vrije gaten 
diee gegenereerd worden door optische ionizatie van ondiepe acceptor "traps" door 
midden-infraroodd licht. Het wordt aangetoond dat de efficiëntie van dit fotolumi-
nescentiee inhiberend effect afhangt van de concentratie van geexiteerde Er-ionen 
enn "traps" die bevolkt worden op het moment dat de vrije-elektronenlaser wordt 
geactiveerd.. De voorgestelde proces vult de beschrijving van energie overdrachten 
inn Er-gedoteerd silicium onder optische pompen aan. Het microscopische model 
vann energie overdracht in c-Si:Er, zoals ontwikkeld in de voorgaande hoofdstukken, 
wordtt nu uitgebreid met een additionele de-excitatieterm die het nieuwe geïdenti-
ficeerdee proces beschrijft. 

Tenslotte,, gedreven door de recente interesse voor nano-kristallijn silicium voor 
optischee versterking, wordt in hoofdstuk 8 onderzocht wat de rol van silicium 
nano-kristallenn (Si-nc's) als efficiënte "sensitizers" van Er luminescentie in een Si02 

matrixx is. Door het zorgvuldig vergelijken van de resultaten verkregen via reso-
nantee en niet-resonant gepulst optisch pompen, kunnen twee verschillende excitatie 
kanalenn van Er in Si02 gedoteerd met Si-nc's onderscheiden worden en geïdenti-
ficeerd.. De eerste geschiedt via directe absorptie van fotonen door Er3+-ionen en 
kenmerkendd hiervoor is de lage excitatie crosssectie. De tweede geschiedt via de 



absorptiee van fotonen in Si-nc's en de daarop volgende energie-overdracht naar 
Er3+-ionen.. Terwijl het tweede proces heel efficiënt is (resulterend in een 104 

hogeree cross-sectie) laten de metingen zien dat slechts 0.2 % van de totale Er-
concentratiee beschikbaar in het onderzochte monster geëxciteerd kan worden via 
ditt kanaal. Bovendien verliest een groot deel van de totale Er-concentratie (66 %) 
zijnn optische activiteit na introductie van nano-kristallen en levert dan geen bij-
dragee aan de fotoluminescentie, ongeacht de excitatiewijze. Deze resultaten tonen 
aann dat nauwkeurige optimalisatie nodig is om voordeel te kunnen behalen uit het 
"sensitization"effectt van Si-nc's op de emissie van Er in Si02. 
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