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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 Introduction 

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. 
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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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FELL pulse duration (us) 

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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