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Chapterr 2 

Onn the role of weakly bound 
statess in light emission 
processess of rare-earth 
dopedd semiconductors 

Abstract Abstract 

ParticipationParticipation of weakly bound states in the energy transfer processes be-
tweentween rare-earth ions and a host semiconductor matrix is discussed. It 
isis argued that weakly bound extended states link the atomic-like states 
ofof the inner core of the rare-earth ion with states in the bands of the 
hosthost crystal. For the two most investigated systems, ytterbium in indium 
phosphidephosphide (InP:Yb) and erbium in silicon (Si:Er), an important role of 
thesethese states at various stages of excitation and de-excitation mechanisms 
isis shown. Models of the energy transfer process with the formation of a 
weaklyweakly bound intermediate state are discussed. Experiments supporting 
thethe involvement of these states are reviewed. For the Si:Er system the 
multi-stagemulti-stage excitation mechanism is discussed. 

11 1 
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2.11 Introduction 

Dopingg of semiconducting crystals with rare-earth (RE) ions offers a 
possibilityy of creating optical systems whose emissions are character-
izedd by sharp, atomic-like spectra with a predictable and temperature-
independentt wavelength. These very attractive features follow from the 
factt that the photoluminescence (PL) emitted by a rare-earth ion is due to 
internall  transitions in the incompletely filled 4/-electron shell. This shell 
iss localized in the core of the ion with the 4/-electrons wave functions 
beingg less extended than those of the outer lying 5s- and 5p-electrons. 
Thee outer electronic shells are usually complete and provide a very ef-
fectivee screening of the 4/-electron shell from an external influence and 
effectivelyy prevent the 4/-electrons from bonding to the host electrons. 
Therefore,, the emission spectrum of the rare-earth ion in crystals is usu-
allyy very similar to that of an isolated ion and is only weakly perturbed by 
ann environment of a particular host crystal. However, the very weak in-
teractionn of the 4/ shell with the host states makes standard mechanisms 
off  the impurity luminescence excitation inefficient. In particular, com-
monn carrier exchange (direct electron-hole recombination) is less likely. 
Thee only mechanism that may be utilized in the excitation of the 4/-
shelll  is the nonradiative energy transfer. In ionic hosts and molecular 
systemss the energy transfer usually proceeds between some defects with 
allowedd optical transitions (energy donors) and the rare-earth ions (en-
ergyy acceptors). In the luminescence excitation process the first stage is 
thee optical excitation of the energy donor. Then the excitation energy 
(usuallyy after some energy loss to phonons necessary to fulfil l the energy 
matchh condition) is nonradiatively transferred (either via some multipo-
larr or exchange mechanism) to the 4/-shell. In semiconductors the first 
stagee may involve the host band states (electron-hole pair generation) 
andd may be quite efficient. Optimization of the excitation process is thus 
reducedd to finding an appropriate bound state for the electron-hole pair 
inn the vicinity of the rare-earth ion. It is obvious, that despite the local-
izedd character of the emitting 4/-shell, the key players in the excitation 
pathh are the weakly localized host states such as excitons and extended 
impurity-relatedd bound states. Understanding and then control of the 
processess governing the energy transfer between the host extended states 
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Figuree 2.1: Photoluminescence spectrum observed for Yb-doped InP upon 
ArAr++  laser excitation at X = 514-5 nm; temperature T = J^.2 K. 

andd the inner 4/-electron core of the optically active rare-earth ion are of 
utmostt importance for the development of efficient optoelectronic devices 
basedd on RE-doped semiconductors. 

Outt of many possible combinations, research activity is mostly con-
centratedd on the two particular systems: ytterbium in InP and erbium in 
Si.. InP:Yb is especially suitable for research as it exhibits an intense emis-
sionn spectrum which shows littl e dependence on particularities of sample 
preparation.. For Si:Er, the interest is fueled by prospects of applications 
ass the confidence is growing that doping with erbium constitutes one of 
thee most promising approaches to silicon on-chip photon communication. 
Fromm the practical point of view Si:Er emerges as a perfect system where 
thee most advanced and successful silicon technology can be used to man-
ufacturee optical elements whose emission coincides with an absorption 
minimumm of silica fibers commonly used in telecommunications. How-
ever,, the success of silicon photonics based on erbium doping is crucially 
dependentt on the progress in increasing the efficiency of light genera-
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Figuree 2.2: Photoluminescence spectra observed for Er-doped Czochralski-
growngrown (Cz-Si:Er) and float-zoned (Fz-Si:Er) silicon measured at temper-
atureature T = 4-2 K using the 514-5 nm Ar+ laser line for excitation. 

tionn and in overcoming the temperature quenching of luminescence. This 
cannott be achieved before fundamental aspects of the physics governing 
thee energy transfer between the rare-earth ion core and a semiconductor 
matrixx are understood. 

Representativee photoluminescence spectra of the two semiconductors: 
rare-earthh ion systems discussed here are depicted in Figs 2.1 and 2.2 
forr InP:Yb and Si:Er, respectively. The InP:Yb sample was prepared by 
liquidd phase epitaxy (LPE) in a graphite sliding-boat system by a super-
coolingg process at high growth temperatures up to 800°C. It exhibited 
p-typee conductivity with a carrier concentration of p — 7x l016 cm- 3 at 
roomm temperature. The Si:Er samples were prepared by ion implantation. 
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Thee p-type Czochralski silicon sample (Cz-Si:Er) was implanted with er-
biumm ions at an energy of 320 keV (erbium peak concentration of 5x l017 

cm- 3) .. The float-zoned, n-type silicon sample (Fz-Si:Er) was implanted 
withh erbium ions at an energy of 1.1 MeV to a total dose of 1014 cm~2 

att a temperature of 500°C. In all cases the rare-earth ion is present in a 
3++ charge state. The ground and excited states are determined by the 
spin-orbitt interaction and the observed structure of the rare-earth related 
luminescencee emission is due to crystal-field splitting of the ground state. 
Inn the case of InP:Yb (Fig. 2.1) practically an identical Yb-related photo-
luminescencee emission around 1000 nm wavelength (1.24 eV) is observed 
inn differently prepared samples [1, 2, 3, 4, 5]. Three other lines in the InP 
band-gapp region, i.e., at A = 878 nm (1.412 eV), 897 nm (1.382 eV) and 
9266 nm (1.339 eV), are attributed to donor bound-exciton recombination 
(DBE),, donor-acceptor pair recombination (DAP^p) and phonon replica 
off  the donor-acceptor recombination ( D A P L O) with ÏUU^Q = 43 meV 
[6,, 7], respectively. In contrast, for Si:Er several different optically active 
Er-relatedd centers have been reported [8]. Their simultaneous occurrence 
multipliess the number of observed PL lines around 1540 nm (0.805 eV). 
Also,, an Er3"1" ion embedded in other semiconductors, such as GaAs [9], 
GaPP [10] and SiC [11], gives photoluminescence spectra similar to those 
depictedd in Fig. 2.2. At low temperature, T = 4.2 K, near silicon band-
gapp emissions are also observed as no-phonon line of the radiative decay 
off  bound exciton (BE^p) at about 1078.5 nm (1.149 eV), its transverse 
acousticc mode (BETA, ^TA

 = 18.4 meV) and transverse optic mode 
(BETO,(BETO, tu^To = ^ m eV ) recombinations [12]. The BE-related recombi-
nationss for p-type and n-type silicon are very similar. The luminescence 
liness in the range from 1200 nm to 1500 nm are usually assigned to lattice 
damagee developed during sample implantation. 

2.22 Energy transfer mechanism 

Thee atomic character of the 4/-electron shell which determines the at-
tractivee features of RE-related photoluminescence is also responsible for 
thee low efficiency of the excitation mechanism and the long lifetime of the 
excitedd state. The energy transfer to and from the 4/-electron core is in-
fluencedfluenced if the rare-earth ion introduces a level within the band gap of the 
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hostt material. The existence and the characteristics of this RE-related 
levell  are crucial for the properties of the rare-earth ion-semiconductor 
matrixx system and form the basis to the understanding of the energy 
transferr mechanisms. 

Rare-earthh impurities generally introduce three types of electronic 
statess in semiconductors. Most important for the luminescence are the 
4/-likee states. They are localized within the core of the rare-earth ion 
andd practically do not participate in the bonding. In most cases, the elec-
tronicc configuration of the 4/-shell corresponds to a 3+ charge state of the 
rare-earthh [13, 14]. The trivalent character of the rare-earth ion indicates 
thatt in III- V compounds they may form isoelectronic traps. Although a 
detailedd mechanism of the formation of such states is still debatable [15], 
theyy were experimentally found and identified in RE-doped InP crystals 
[2,, 3]. In Si and II-V I compounds the 3+ charge state of the core implies 
thee existence of a Coulomb potential, and thus a possibility of the for-
mationn of effective-mass hydrogenic donor or acceptor states. However, 
thee very large difference of the ionic radii of the rare-earth and cations of 
thee host matrix and the tendency to form non sp3 bonds with the host 
anionss implies very large central cell corrections, that may finally cause 
implosionn of the extended electron (hole) wave function and creation of 
aa localized state. Unfortunately, no such state has yet been identified. 

Thee RE-related luminescence can be excited electrically (electrolumi-
nescence)) by carrier injection or optically (photoluminescence) by exci-
tationn with the energy exceeding the energy gap of the host material. 
Accordingg to current theoretical models, these excitation paths are re-
latedd to two different Auger-type energy transfer processes. In electro-
luminescencee the rare-earth excitation is accomplished either by impact 
collisionn with a hot electron from the conduction band or by generation 
off  an electron-hole pair in a forward biased p-n junction. In case of 
photoluminescence,, an electron and a hole become localized nearby an 
opticallyy active rare-earth center and the core excitation is achieved by 
theirr subsequent recombination involving participation of the 4/-electron 
shell.. Such a multi-stage optical excitation mechanism for Si:Er has been 
recentlyy confirmed by a direct experiment. It has been shown for the 
Fz-Si:Err samples that the excitation path can be effectively disrupted by 
ann intense infrared pulse from a free-electron laser [16, 17]. Consequently, 
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Figuree 2.3: Schematic illustration of the multi-stage excitation and de-
excitationexcitation mechanisms of a rare-earth erbium ion in a silicon matrix. 
AlternativeAlternative relaxation paths are also indicated. 

thee PL intensity is quenched upon short application of the free-electron 
laserr irradiation after the pulsed excitation laser. 

2.33 States active in the excitation mechanism 

2.3.11 RE-related weakly bound states 

Thee multi-stage optical excitation mechanism is schematically illustrated 
inn Fig. 2.3 where also alternative relaxations hampering its efficiency are 
indicated.. The formation of the intermediate state, which constitutes a 
mostt important step, is usually related to a level with small binding en-
ergy.. In theoretical models of the excitation mechanism of rare-earth ions 
inn semiconductors the formation of an RE-related level in the band gap 
off  the host crystal is postulated. In the excitonic energy transfer mecha-
nismm an exciton is bound to the rare-earth ion forming this intermediate 
state.. A quantitative calculation and analysis of experimental data on 
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thee dependence of photoluminescence intensity on excitation power and 
temperaturee wil l be presented in chapters 3 and 4. 

Forr InP:Yb it is accepted that a substitutional Yb3+ ion generates 
aa shallow donor level with an ionization energy of approximately 30 — 
400 meV [2, 3]. This has been confirmed by deep level transient spec-
troscopyy (DLTS) measurements [18]. Electrons generated upon optical 
excitationn are trapped at this state. However, it is expected that capture 
off  an electron in an extended state will not affect the 4 ƒ shell appreciably. 
Inn support of this assumption the electron paramagnetic resonance (EPR) 
signall  related to Yb in InP has not been reported to change. The origin 
off  the binding potential has not yet been clearly established [15]. As the 
rare-earthh is neutral with respect to the lattice, the negatively charged 
trapp attracts a hole and, most likely, an "isoelectronically" bound exci-
tonn is formed. By the capture of an electron and then a hole, the center 
storess the energy that can be then transferred to the inner 4/-shell. This 
processs is similar to the well-known nonradiative Auger-type quenching 
inn the recombination of excitons bound to neutral donors (three particle 
process).. The excess energy is emitted as phonons. It should be noted 
thatt the process opposite to the excitation (energy back transfer) is also 
possiblee and its presence has been claimed by Takahei and Taguchi as 
responsiblee for a complicated temperature dependence of the ytterbium 
photoluminescencee intensity [19]. 

I tt is quite likely that a similar process occurs also in silicon [20]. Here, 
however,, the situation is more complex, as formally the substitutional 
rare-earthh may introduce only an acceptor level. Experimentally, the 
generationn of a donor state is inferred from the fact that a silicon crystal 
usuallyy converts to n-type upon erbium implantation. In oxygen-rich Er-
dopedd silicon, a donor level at approximately 150 meV below conduction 
bandd has been detected by DLTS [21]. For the actual origin of this donor 
levell  different explanations have been proposed. Based on total energy 
calculationss Needels et al. [15] argued that a level of small binding energy 
mightt be created due to mixing of the d states of Er3+ ion with conduc-
tionn band states of the silicon crystal. On the other hand, the generation 
off  high concentrations of donor centers is experimentally linked to a high 
oxygenn content and, consequently, the donor level has been associated 
withh the formation of erbium-oxygen complexes [21]. Finally, Masterov 
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andd Gerchikov [22] proposed that upon heavy implantation with erbium 
"molecules""  of erbium silicide or erbium oxide are formed depending on 
thee available oxygen content. These can be approximated as spherical 
quantumm dots and shown to introduce shallow bound donor levels in the 
bandd gap. An electron captured at the donor level can subsequently re-
combinee nonradiatively with a free hole from the valence band, or with 
aa hole localized in the effective-mass potential induced by the trapped 
electron,, and transfer energy to the 4/-shell of erbium. The energy mis-
matchh can be accommodated either by phonon emission or by free carrier 
excitation.. In a somewhat different model [23] the initial localization of 
ann electron at the Er-related donor level creates an effective exciton trap; 
inn this case an electron-electron-hole system is created upon binding of 
ann exciton and the excess energy during the core excitation process can 
noww be absorbed by the second electron which is emitted from the donor 
levell  into the conduction band. Regardless of the details of the excitation 
mechanism,, a crucial role of the formation of a donor level for the energy 
transferr to the erbium core is always invoked. 

2.3.22 Alternative recombination channels 

Otherr centers whose presence in the material is not directly related to 
thee rare-earth ions, e.g., shallow donor or acceptor background doping or 
implantationn damage, have a profound influence on the efficiency of the 
rare-earthh excitation offering alternative relaxation paths, as schemati-
callyy indicated in Fig. 2.3. In the initial part of the excitation process 
thee presence of shallow states provides competing exciton traps. Fig. 2.4 
comparess the intensities of optically excited phosphorus-bound exciton 
withh Er PL bands observed in the Fz-Si:Er sample upon application of 
ann electric field. As the field increases shallow relaxation channels are 
graduallyy blocked as the result of impact ionization by energized free car-
rierss thus promoting recombinations via deeper levels. As can be seen, 
thee Er-related photoluminescence starts to increase at the same thresh-
oldd field value for which the phosphorus bound-exciton line quenches; for 
stilll  higher fields also the erbium photoluminescence intensity lowers. The 
resultss depicted in Fig. 2.4 show that phosphorus donors and Er-related 
centerss compete in exciton localization. It may also be concluded that the 
excitonn binding energy is bigger for Er-related traps suggesting a larger 
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Figuree 2.4: Normalized photoluminescence intensity of phosphorus-bound 
excitonexciton and erbium measured in the erbium implanted n-type silicon sam-
pleple (Fz-Si:Er) as a function of an applied external DC electric field. The 
experimentexperiment was performed at 4-2 K with Ar+ laser excitation power 100 
mWmW (\ = 514-5 nm). Note change of scale at PL intensity = 1. 

ionizationn energy of the relevant donor level. 
Ass indicated in Fig. 2.3, alternative recombinations of a RE-related 

intermediatee state form a second important process parasitizing on rare-
earthh excitation. The Auger process involving the energy transfer to 
extendedd carriers is known to be the most efficient quenching mechanism 
inn luminescence of localized centers [24]. Interestingly, in case of the 
Mn2++ luminescence in CdF2 the exchange mechanism dominates quench-
ingg by electrons bound to shallow donors, while it is primarily the dipolar 
mechanismm in the Auger quenching by free carriers. In any case, the car-
rierr concentration at which the Auger effect starts to be seen is in the 
10144 — 1016 cm- 3 range [25]. The effective shortening of the fluorescence 
lifetimee up to 220 K in the presence of free carriers was experimentally 
demonstratedd in a two-beam experiment for erbium in GaAs [26]. In 
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thiss case pulsed excitation (Nd:YAG laser) has been applied to a sam-
plee simultaneously illuminated with a continuous beam from an Ar laser 
operatingg at different power levels providing thus an adjustable equilib-
riumm concentration of free carriers. The influence of free carriers on the 
excitationn mechanism has been inferred from the decrease of the photolu-
minescencee intensity for higher intensities of the background illumination 
laser.. A similar conclusion has been reached from a detailed study of 
Si:Err luminescence [27]. 

2.44 States active in the de-excitation path 

Thee radiative transition probability between the rare-earth levels originat-
ingg from the 4/-shell is usually very small; most commonly the radiative 
lifetimee is in the millisecond range. Major nonradiative processes in insu-
latingg crystals doped with rare earths are either multiphonon relaxations 
orr a variety of energy transfer phenomena involving other rare-earth ions. 
Thee presence of delocalized carriers (either free or weakly bound) in semi-
conductorss opens new channels specific for these materials. 

2.4.11 Back transfer process 

Thee back transfer process [28] is generally held responsible for the high-
temperaturee quenching of rare-earth photoluminescence intensity and life-
time.. During the back transfer the last step of the excitation process 
depictedd in Fig. 2.3 is reversed; at the expense of the core excitation of 
thee rare-earth ion the intermediate stage is recreated. The activation 
energyy of such a process is equal to the energy mismatch which has to 
bee accommodated during the excitation and is therefore determined by 
thee ionization energy of the donor center introduced by rare-earth doping 
intoo the host material. From experiments on the temperature dependence 
off  continuous wave (cw) erbium photoluminescence it is concluded that 
thee back transfer process takes place at temperatures T > 100 K with an 
activationn energy of about 100 meV; these experiments are presented in 
chapterr 4. 
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2.4.22 Auger-type quenching 

Similarr as for the excitation mechanism, shallow centers available in the 
hostt exert also a profound influence on nonradiative relaxations of rare-
earthh ions. A very effective mechanism of such a nonradiative recom-
binationn is the impurity Auger process involving an energy transfer to 
conductionn electrons. This process can be seen as opposite to the impact 
excitationn mechanism of electroluminescence of erbium in silicon. For the 
Si:Err system direct evidence of the importance of the energy transfer to 
conduction-bandd electrons has recently been given by investigation of the 
temperaturee quenching of photoluminescence intensity for samples with 
differentt background doping [29]. In this experiment the activation energy 
off  the temperature quenching directly identified the ionization process of 
thee shallow dopant (B for p-type and P for n-type) as responsible for the 
effect. . 

Freee carriers were also shown to govern the effective lifetime of the 
excitedd state of erbium in silicon. In a double-beam experiment a He-
Nee laser, operating in a continuous mode in addition to the chopped Ar 
laser,, was used to provide an equilibrium background concentration of 
freee carriers. Under these conditions shortening of the lifetime has been 
concluded.. The effect was proportional to the square root of power of the 
backgroundd illumination [27]. Since the exciton recombination dominated 
thee relaxation, such a result indicates that the efficiency of the lifetime 
quenchingg is related to the free-carrier concentration. 

2.55 Conclusions 

Althoughh the optical processes of the rare-earth dopants are governed by 
ann atomic-like 4/-shell, communication of these localized states with the 
hostt semiconductor states proceeds via extended electronic levels. The 
energyy transfer processes involving such states control not only the exci-
tationn path, but the evidence grows that they also dominate nonradiative 
mechanismm quenching the luminescence of rare earths in semiconductors. 
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