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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 
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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 
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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. 


