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Chapterr 5 

Effectss of mid-infrared 
radiationn on erbium-related 
photoluminescence e 

Abstract Abstract 

InIn a two-beam experiment, a Nd:YAG laser operating in the visible and 
aa free-electron laser providing an intense mid-infrared illumination are 
usedused to investigate the photoluminescence in erbium-implanted silicon. 
ItIt  is shown that, depending on particular conditions, the infrared beam 
cancan lead to quenching as well as enhancement of erbium luminescence. 
TheThe quenching effect has been observed in samples where low-symmetry 
erbium-relatederbium-related optically active centers dominate the luminescence spec-
trum.trum. In these samples, an additional intensity has been seen for long 
delaydelay times of the infrared pulse with respect to the Nd:YAG laser, when 
thethe quenching effect had already decayed. In the samples where cubic-
symmetrysymmetry centers dominate the luminescence spectra, the enhancement 
effecteffect was observed already at a very short delay time. The origin of 
thethe enhancement effect is discussed in detail. It is concluded that the en-
hancementhancement effect is related to energy storage at shallow centers available in 
erbium-dopederbium-doped silicon samples. Carriers generated by a band-to-band exci-
tationtation are participating not only in the excitation of erbium luminescence 
viavia the excitonic mechanism, but are also trapped at various defect states. 
TheThe infrared pulse photoionizes them, thus promoting extra carriers into 
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thethe excitation channel of the Er3  ̂ ion, leading to an additional lumi-
nescence.nescence. By scanning the wavelength of the free-electron laser ionization 
spectraspectra of shallow centers participating in the energy transfer are obtained. 
TheThe free-electron laser power dependence of luminescence intensity is in-
vestigated.vestigated. A theoretical description is proposed in good agreement with 
thethe experimental data. The quenching effect is propounded to be a conse-
quencequence of disruption of the energy transfer processes by the mid-infrared 
beam. beam. 

5.11 Introductio n 

Propertiess of erbium-doped silicon receive much attention due to the pho-
tonicc potential of this material. From the physical point of view an erbium 
ionn embedded in the silicon matrix forms a complicated system where 
atomic-likee electronic properties of the 4/ core of a rare-earth ion and 
extendedd states of the crystal are merged. Understanding of the energy 
transferr mechanisms that are responsible for the erbium core excitation 
andd of the multiple recombination paths within that system, constitutes 
onee of the most challenging tasks of contemporary materials science of sil-
icon.. Potential application in optoelectronics creates a strong motivation 
forr the investigations. 

Thee excitation mechanism of erbium in silicon is commonly accepted 
too be a multi-stage process comprising exciton formation and localization 
att an Er-related center. The final energy transfer to the inner core is 
thenn accomplished in an Auger process involving an electron in the 4/ 
shelll  and accommodation of the excess energy [1]. An alternative model 
assumess that the 4/ shell is excited due to recombination of an electron 
localizedd at an Er-related donor with a free hole [2]. The majority of the 
informationn currently available on the excitation and de-excitation mech-
anismss is based on results obtained from temperature quenching of pho-
toluminescencee (PL) intensity and the decay characteristics of the erbium 
excitedd state [3, 4]. However, the effects of several simultaneously active 
mechanismss have to be deduced from an overall dependence. Processes 
governedd by larger activation energies can only be observed at sufficiently 
highh temperature and, therefore, for a lower photoluminescence intensity. 
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Thiss problem can be avoided in a two-beam experiment as presented in 
thiss chapter. In the experiment an intense mid-infrared (MIR) beam from 
aa free-electron laser (FEL) operating parallel to the above-band gap exci-
tationn is used to activate individual energy transfer mechanisms between 
thee 4/-electron shell of an Er3+ ion and the silicon host. In that way, 
alll  the energy transfer processes, regardless of their activation energies, 
cann be induced and investigated at low temperature, under conditions 
off  strong photoluminescence intensity. Changes of erbium luminescence 
cann be measured as a function of free-electron laser wavelength, power 
andd timing with respect to the above-band gap excitation. Two effects, 
whichh are the quenching and the enhancement of erbium luminescence, 
havee been observed and will be discussed here. 

5.22 Experimental details 

5.2.11 Samples 

Inn this study four different kinds of Si:Er sample were used. 
1.. A Czochralski-grown p-type silicon sample, which was doped with 

erbiumm and oxygen by implantation with the doses of 3x 1012 and 3x l013 

cm- 2,, respectively. Implantation was performed at room temperature 
andd followed by an annealing at a temperature of 900°C for 30 minutes 
inn nitrogen ambient. For further reference, the sample is labeled as Cz-
Si:Er,00 annealed at 900°C. 

2.. With the same sample preparation procedure like the first sample, 
aa second one was annealed at a higher temperature of 1000°C in nitrogen 
ambient.. This sample is designated as Cz-Si:Er,0 annealed at 1000°C. 

3.. The third sample, designated Cz-Si:Er, was prepared from p-type 
Czochralski-grownn silicon by erbium ion implantation at an energy of 320 
keVV to an erbium peak concentration of 5x l017 cm- 3. The sample was 
followedd by a brief annealing at 900°C for 15 minutes. 

4.. This sample was prepared from float-zoned, n-type silicon material 
byy erbium implantation (1.1 MeV) to a total dose of lx lO 13 cm- 2 at an 
elevatedd temperature of 500°C. No coimplants have been used and no 
furtherr heat treatment has been applied. It is labeled as Fz-Si:Er. 
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Figuree 5.1: The double-beam experimental set-up; (a) primary excitation 
sourcesource is a pulsed Nd:YAG laser operating at XYAG — 532 nm or a cw 
solid-statesolid-state laser operating at XDIODE — 820 nm, the second excitation 
sourcesource is the free-electron laser operating in the mid-infrared, (b) structure 
ofof the free-electron laser pulse. 

5.2.22 Experimental set-up 

Forr initial optical band-to-band excitation the samples were illuminated 
byy a pulsed Nd:YAG laser with a repetition rate of 5 Hz and pulse duration 
off  7 ns. The intrinsic pulse wavelength of the Nd:YAG laser is 1064 
nm.. After passing through a second-harmonic generator the wavelength 
iss shortened to XYAG = 532 nm and the beam is directed onto the sample. 
Thee diameter of the laser spot on the sample was about 3 mm with about 
44 /LtJ energy per pulse. Alternatively, a continuous wave (cw) solid-state 
laserr operating at XDIODE — 820 nm was used as a primary excitation 
source.. In addition to the above-band gap excitation, pulsed mid-infrared 
radiationn from the free-electron laser was applied with the same repetition 
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ratee as the Nd:YAG laser. The FEL beam delivers "macropulses" with a 
durationn of 5 — 10 fis, which consist of a train of " micropulses" that have 
1.77 ps width and a repetition rate of 25 MHz. In the experiments, the 
wavelengthh of the MIR pulse could be adjusted within the 7.3 — 17.3 ^m 
(700 — 170 meV) range. Also, its timing with respect to the Nd:YAG pulse 
cann be altered within the range of zero to ten milliseconds. In order to 
avoidd a possible penetration of shorter wavelengths present in the FEL 
beamm due to generation of higher harmonics, a short wavelength cutoff 
7.22 /xm filter was inserted before the sample. The experimental set-up is 
illustratedd in Fig. 5.1. 

Thee emerging photoluminescence at A = 1540 nm was collected through 
aa band-pass filter of 20 nm bandwidth centered at A^ « 1540 nm. By us-
ingg the band-pass filter instead of a monochromator only the most promi-
nentt PL component has been recorded, but the signal-to-noise ratio has 
beenn improved. The PL signal was detected by a germanium detector 
(North-Coastt EO-817). The detection system has a rise time of a few fis 
andd a fall time of about 70 fxs. Consequently, the true time dependence 
off  the PL intensity is not necessarily exactly reproduced experimentally. 
Inn particular, the rise time of the light emission is probably much faster 
thann appears from the measured signal. After amplification the signal 
wass accumulated by a digital oscilloscope (LeCroy 9310M) and fed to a 
computer.. The experimental points have been averaged over 100 or 200 
excitationn pulses. All the reported experimental data were obtained at 
aa temperature of 5 K for samples placed in a helium gas flow cryostat 
(Oxfordd Instruments). 

5.33 Photoluminescence spectra 

Thee photoluminescence spectrum of the sample Cz-Si:Er shows predom-
inantlyy emission from the so-called cubic erbium centers. For the sample 
Fz-Si:Err the PL spectrum is dominated by non-cubic components. The 
Er-relatedd emissions of both samples can be found in the chapter 3, sec-
tionn 3.3 of this thesis and in Ref. [5]. 

Inn Fig. 5.2 photoluminescence spectra of the samples Cz-Si:Er,0 an-
nealedd at 900°C and at 1000°C are illustrated. For the sample annealed 
att 900°C a five-lines spectrum, with its components indicated by arrows, 
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Figuree 5.2: Photoluminescence spectra observed for Cz-Si:Er,0 samples 
annealedannealed at 900° C and 1000° C. Temperature T = 5 K. The insert shows 
thethe prominent parts of the erbium luminescence selected by a band-pass 
filterfilter  of 20 nm width. 

dominates.. According to the crystal-field analysis of the ground and ex-
citedd state splitting [6], these correspond to an Er-related optically active 
centerr of cubic symmetry, similar to the situation in sample Cz-Si:Er. For 
thee sample annealed at 1000°C a different PL spectrum is observed. It 
doess not show sharp features, but only a relatively broad emission with 
aa weaker intensity than that of the most prominent spectral component 
foundd for the sample annealed at 900° C. The broad emission bands are 
ratherr similar to those observed in erbium-doped silicon oxide [7]. The 
broadd emission bands, therefore, are attributed to the erbium-oxygen 
clusterss of low symmetry. The insert of Fig. 5.2 shows the spectral com-
ponentss of the erbium luminescence which are selected by the band-pass 
filterr of 20 nm width centered at A^ = 1540 nm. The results presented 
inn this chapter are reported for these prominent parts. 
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Figuree 5.3: FEL-induced quenching and enhancement effects observed for 
thethe sample of float-zoned silicon (Fz-Si:Er) for different delay times be-
tweentween the Nd:YAG and the MIR pulses. Wavelength XFEL = 14 A4771-
TemperatureTemperature T = 5 K. 

5.44 Free-electron laser induced quenching effect 

I tt is known that erbium in silicon does not form a unique center, but in-
troducess several Er-related defects of different symmetry and/or different 
microscopicc structure. One might therefore expect that these have indi-
viduall  excitation paths with different characteristics and, consequently, 
respondd differently to the MIR pulse. The quenching of photolumines-
cencee intensity upon application of MIR pulses has been observed in sam-
pless where the lower-than-cubic symmetry erbium centers dominate the 
PLL spectra. Figs 5.3 and 5.4 illustrate the quenching of photolumines-
cencee intensities for the Fz-Si:Er and the Cz-Si:Er,0 annealed at 1000°C 
samples,, respectively. The solid curves are the time developments of the 
erbiumm photoluminescence following the Nd:YAG excitation pulse. The 
Err PL intensity first increases, achieves a broad maximum and then grad-
uallyy diminishes. The broken curves represent the time dependencies of 
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Figuree 5.4: FEL-induced quenching and enhancement effects observed for 
thethe sample of Cz-Si:Er, O annealed at 1000° C for 30 minutes for different 
delaydelay times between the Nd:YAG and the MIR pulses. Wavelength XFEL 

==  10 fim. Temperature T = 5 K. 

thee PL signal when a MIR pulse is applied at different delay times after 
thee above-band gap excitation pulse. As can be seen, for short delay times 
thee MIR pulse leads to considerable quenching of the Er PL intensity. By 
increasingg the delay time between the two pulses the quenching effect 
iss gradually reduced and, eventually, an addition of PL intensity sets in 
forr both samples, as shown in Figs 5.3 and 5.4. The effect of additional 
photoluminescencee intensity will be discussed in detail in next section. 

Thee quenching effect has been proposed to be a consequence of the 
disruptionn of the energy transfer processes by the MIR radiation. In 
orderr to understand the effect of FEL on the excitation mechanism of 
erbiumm luminescence, we first establish the relation between PL intensities 
off  two special cases. The first one is the time development of erbium 
luminescencee under only Nd:YAG pulse excitation and the other one is 
off  Nd:YAG and MIR pulses applied at the same time. The results are 
presentedd in Fig. 5.5 for the Fz-Si:Er and the Cz-Si:Er,0 annealed at 

Cz-Si:Er, 00 1000 C 
___ At = 550 MS 

I—— At = 1 ms 

LL At = 350 MS 

LL At = 200 MS 

LL At =100 Ms FEL off 

__ At = 50 MS 



EffectsEffects of mid-infrared radiation on Er-related photoluminescence 83 

LL L 

ss 10 
_ i i 

HI I 

>^^  0.8 

(/) ) 
z z 
\u \u 
££ 0.6 
_ i i 

Q--

Q Q 
SS 0.4 
_i i < < 
S S 
OO 0.2 

z z 

0.0 0 
0.00 0.2 0.4 0.6 0.8 1.0 

NORMALIZEDD PL INTENSITY (FEL ON) 

Figuree 5.5: Mutual relation between erbium photoluminescence intensity 
withwith and without application of a MIR pulse for (a) the Fz-Si:Er sample 
andand (b) the Cz-Si:Er,0 annealed at WOtTC sample. Primary excitation 
sourcesource is a pulsed Nd:YAG laser. Wavelengths XFEL = 14 rim, XYAG = 
532532 nm. Temperature T = 5 K. 

1000°CC samples. Linear extrapolation of experimental data crosses the 
origin.. These results show that the total number of erbium ions attaining 
thee excited state following the Nd:YAG laser pulse is reduced by the 
MI RR pulse. In a test experiment, application of the MIR pulse before the 
Nd:YAGG laser did not produce any quenching of PL intensity. Thermal 
heatingg of the crystal lattice, which has a relaxation time in the order 
off  milliseconds, is thus excluded. The quenching effect is found on the 
timee scale of hundreds of microseconds of delay time. After longer delay 
times,, when the number of excited erbium ions is still significant, the 
quenchingg effect is already minimized. The lifetime of Nd:YAG-generated 
freee carriers and excitons is very short, well below a microsecond. One 
can,, therefore, conclude that there exists a state, in between the electron-
holee pair and the excited erbium ion, whose population is influenced by 
thee MIR pulse. This causes the reduction of Er PL intensity. The state 
couldd be an intermediate Er-related bound-exciton state [8]. In this case 

TT  i 1 1 r 
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Figuree 5.6: Illustration of the FEL-induced enhancement of erbium pho-
toluminescencetoluminescence observed for sample Cz-Si:Er,0 annealed at 900° C for 
3030 minutes for different delay times between the Nd:YAG and the MIR 
pulses.pulses. Wavelength \FEL — H /^m- Temperature T = 5 K. 

lifetimee of the intermediate state would have to be relatively long. A 
simplee analysis of the signal shape (Figs 5.3, 5.4) leads to a much shorter 
value.. This apparent contradiction requires further investigation. Differ-
entt values for the lifetime of the Er-related intermediate state have been 
reported;; these range from tens of microseconds [9, 10], to microseconds 
[1,, 2, 3] and even to w 50 ns [11]. Also, the fact that different quench-
ingg levels of the PL intensity are observed in different samples, is not 
accountedd for by detailed modelling at this moment. 

5.55 Free-electron laser induced enhancement ef-
fect t 

5.5.11 Preliminarie s 

Thee enhancement effect is. observed for all investigated samples. In the 
Fz-Si:Err sample and sample Cz-Si:Er,0 annealed at 1000°C the additional 
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PLL intensity appears when the MIR pulse is applied with a considerable 
delayy to the primary visible excitation pulse. In the samples Cz-Si:Er 
andd Cz-Si:Er,0 annealed at 900°C, in which the cubic centers dominate 
Err PL spectra, the enhancement effect can be seen already at very short 
delayy times. In Fig. 5.6 the broken curves illustrate the enhancements of 
photoluminescencee intensity for the Cz-Si:Er,0 sample annealed at 900°C 
ass induced for different delay times between the Nd:YAG and the MIR 
pulses.. The solid curve is the time development of the erbium photolumi-
nescencee of this sample following the Nd:YAG excitation pulse only. The 
additionall  PL intensity is also detected with the cw diode laser used as 
thee primary excitation source. Fig. 5.7 presents the time developments of 
Err PL intensity of Cz-Si:Er sample upon Nd:YAG and cw solid-state laser 
excitationss and a subsequent illumination by FEL radiation. In case of 
pulsedd Nd:YAG excitation, a delay time of 1 ms between the two beams 
hass been used. 

Inn order to analyze the experimental results, it is assumed that the 
erbiumm luminescence is induced by both cubic and non-cubic symmetry 
centers.. In the samples where the low-symmetry centers dominate PL 
spectraa the quenching effect is initially observed. After its diminishing 
thee enhancement effect wil l dominate. In contrast, in the samples where 
thee cubic symmetries dominate the Er PL spectra, the enhancement effect 
prevailss over the quenching effect. The enhancement effect is, therefore, 
observedd in those samples already for a short delay time. The magni-
tudee of the additional PL intensity depends on the particularities of the 
sample:: it is bigger in oxygen-rich Cz-Si than in oxygen-lean Fz-Si ma-
terial.. The kinetics of the enhancement effect is independent of the type 
off  band-to-band excitation and is similar to the erbium luminescence ob-
tainedd upon band-to-band excitation, as shown in the insert of Fig. 5.7 
forr sample Cz-Si:Er. Studying the dependence of the magnitude of the 
enhancementt effect on the delay time between the visible and the MIR 
pulses,, experimental observation shows that the additional PL intensity 
increasess gradually with increasing the delay time, attains a broad max-
imumm at a few milliseconds and then decreases; the enhancement effect 
cann still be seen at At > 10 ms for all investigated samples. 
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Figuree 5.7: Illustration of the FEL-induced enhancement of erbium pho-
toluminescencetoluminescence observed for sample Cz-Si:Er; the delay time between the 
visiblevisible Nd:YAG and the MIR pulses is At = 1 ms at the MIR-pulse wave-
lengthlength of XFEL

 = 13.5 fj,m. The insert shows the same kinetics of the 
enhancementenhancement effect for different excitation sources. 

5.5.22 Proposed mechanism of FEL-induced enhancement 
off  erbium photoluminescence 

Basedd on the experimental data it is possible to conclude that the Er-
relatedd emission can be generated with a light pulse in the mid-infrared 
range.. The results show that the centers responsible for the FEL-induced 
enhancementt of erbium luminescence have a long lifetime of an order of 
tenn milliseconds. Since the smallest energy necessary for generation of 
thee 4/i3/2 excited state of Er3+ ion responsible for the observed lumi-
nescencee at A « 1.5 /an is approximately 800 meV, and therefore much 
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Figuree 5.8: Schematic illustration of the proposed mechanism responsible 
forfor the FEL-induced Er^+-ion excitation. 

largerr than the MIR quantum energy of 70 — 170 meV, a direct excitation 
effectt could only be related to multiple photon absorption. The multi-
photonn absorption in the intense field of a free-electron laser is certainly 
plausiblee and has been reported in the studies of COO [12]. In the current 
study,, however, the visible excitation preceding the MIR pulse consti-
tutess a necessary condition for the effect to occur. This is evident from 
thee observation that the additional luminescence is not detected when 
thee MIR pulse is applied prior to the Nd:YAG laser. The multiphoton 
absorptionn by the silicon crystal or directly by Er3+ ions as possible exci-
tationn mechanisms responsible for the additional PL signal is, therefore, 
excluded. . 

Inn order to account for the enhancement effect, a mechanism of FEL-
inducedd erbium luminescence is proposed in which the energy provided by 
thee excitation in the visible is stored for some time and is then transferred 
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too erbium ions upon application of the MIR pulse. Such a mechanism is 
depictedd in Fig. 5.8. One can expect that free carriers excited by the 
visiblee band-to-band excitation undergo various recombinations. Some 
off  them wil l result in erbium excitation, giving rise to luminescence. In 
stronglyy defected material, however, many carrier-trapping centers wil l 
existt which wil l not contribute to erbium luminescence. These provide al-
ternativee channels of mostly nonradiative recombinations. Some of them 
wil ll  serve as efficient recombination centers, while others may have longer 
lifetimes.. The intense MIR pulse applied after the excitation will ionize 
thee long-living traps. The condition for this to occur is a sufficiently small 
ionizationn energy of the centers involved, so that the process can be ac-
tivatedd by the mid-infrared radiation. The centers that take part in the 
enhancementt effect will , therefore, have the character of shallow traps. 
Thee chance exists that the free carriers generated in that way might be 
recapturedd at Er-related centers capable of Er3+ core excitation. Conse-
quently,, the additional luminescence wil l appear with its magnitude gov-
ernedd by the intensity of the free-electron laser, the capture cross section, 
concentrationn and lifetime of the relevant traps. 

5.5.33 Dependence of the additional erbium photolumines-
cencee on mid-infrare d wavelength 

Thee wavelength dependence of the FEL-induced erbium photolumines-
cencee is shown in Fig. 5.9 for the Fz-Si:Er sample upon pulsed Nd:YAG 
excitationn and for the Cz-Si:Er sample upon excitation with the pulsed 
Nd:YAGG and with the cw solid-state laser. This was scaled for an iden-
ticall  number of photons per pulse at every wavelength. The results for 
bothh samples show a clear difference at low energies of the free-electron 
laserr beam {hv < 125 meV), followed by a similar behavior for the higher 
energyy range. According to the above proposed mechanism of the FEL-
inducedd erbium luminescence, results depicted in Fig. 5.9 represent ioniza-
tionn spectra of dominant traps contributing to the energy storage process. 
I tt has been shown [13] that the photoionization cross section a of a trap 
cann be described as 

(too - Epfft 
aa = m (H3+^  '  (5-1) 
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Figuree 5.9: The wavelength dependence of the magnitude of the FEL-
inducedinduced erbium luminescence plotted for the Cz-Si:Er and the Fz-Si:Er 
samples.samples. The fits to Eq. 5.1 gave ionization energies Epi = 65 meV 
(solid(solid curves) and EB2 = 130-^140 me V (broken curves). The parameters 
7ii  = 72 = 1- In the case of Nd:YAG excitation the delay time is 1 ms. 

wheree m is a constant, hv and Erj correspond to the energy of the ionizing 
beamm and the ionization energy of the trap, respectively. The parameter 
77 depends on the particular form of the binding potential. The following 
unequalityy holds for 7: 

0 < 7 < 1-- (5.2) 

Thee parameter is 7 = 0 and 7 = 1 for <5-like and Coulomb potentials, 
respectively.. Formula 5.1 gives a rather broad and featureless wavelength 
dependence,, with an onset corresponding to hv = ED, and a maximum at 
hvhv = Y^D and hv = 2Eu for de-localized and localized binding poten-
tialss (Coulomb and <5-like potentials), respectively. Inspecting the wave-
lengthh dependencies obtained experimentally for Cz-Si:Er and Fz-Si:Er 

JJ 1 I 1 I 1 L 
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sampless displayed in Fig. 5.9 one can conclude that different traps are re-
sponsiblee for the FEL-induced excitation of erbium in the two materials. 
Thee ionization spectra of the sample Cz-Si:Er show identical behavior 
forr both band-to-band excitation sources. They have a broad maximum 
att an energy around 90 — 100 meV and an extrapolated onset at about 
655 meV. The solid curves in Fig. 5.9 represent fits to Eq. 5.1 for 7 = 1. 
Followingg the interpretation of the proposed mechanism, it is concluded 
thatt the trap responsible for the FEL-induced erbium photoluminescence 
iss in this case characterized by an extended binding potential. From the 
fit,fit,  the ionization energy EDI = 65 meV is obtained. Both features are 
inn agreement with typical shallow effective-mass-theory centers in silicon. 
Thee observation of a shallow center participating in the energy transfer 
processess pertinent to Er34" core excitation in an oxygen-rich Cz-Si envi-
ronment,, which has been found here, is the first spectroscopic evidence 
off  the influence of oxygen on the optical activity of erbium in silicon. 
Forr both samples the PL intensities exhibit a similar rise in the high-
energyy region of the spectra. The experimentally measured ionization 
spectraa show a very pronounced increase for the largest energies of the 
MI RR beam. This feature is assigned to a deeper trap characterized by a 
bindingg energy Em in the range of 130 -r 140 meV as concluded from 
thee fits to Eq. 5.1, which are given by the broken curves in Fig. 5.9. 
Sincee this trap appears in both Fz-Si:Er and Cz-Si:Er materials, it seems 
plausiblee that it is introduced by the erbium ion itself. 

5.5.44 D e p e n d e n ce of the addi t ional e rb iu m photo lumines-
cencee on mid-infrare d pulse power 

Thee FEL-power dependence of the additional PL intensity has been in-
vestigatedd and the results for samples Cz-Si:Er is illustrated in Fig. 5.10. 
Forr the pulsed NdrYAG excitation the effect is initially linear and a satu-
rationn sets in for higher power values. Experimental data could be fitted 
withh the formula 

A rr rniPFEL 

AipLL = 7- 5 , (5.3) 
11 4- m2PFEL 

wheree PFEL is the free-electron laser power and mi and 7712 are fitting pa-
rameters.. The integrated intensity of the additional PL signal is propor-
tionall  to the number of Er3+ ions which attain the excited state following 
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Figuree 5.10: The FEL-power dependence of the additional erbium lumi-
nescencenescence measured for the sample Cz-Si:Er for (a) primary pulsed excita-
tiontion with the Nd:YAG laser; the broken line is a fit to Eq. 5.3; (b) primary 
excitationexcitation with the cw solid-state laser, the solid line is a fit to Eq. 5.4-

thee MIR pulse. On the other hand, the operational power of the free-
electronn laser determines the actual number of photons contained in the 
MI RR pulse. Therefore, the experimentally found linear power dependence 
off  the FEL-induced PL intensity shows proportionality between the num-
berr of MIR photons and the number of additional recombinations leading 
too erbium excitation. One can conclude that a carrier (an electron or a 
hole)) ionized from a trap by the photon absorption can recombine with 
aa carrier of the opposite sign available in the material. In this case the 
intensityy of additional luminescence will increase linearly with FEL power 
until,, at high densities of MIR photons, the saturation wil l set in, as the 
numberr of populated traps becomes exhausted. This scenario is consis-
tentt with the experimental behavior obtained for investigated samples 
underr conditions of primary excitation by a pulsed Nd:YAG laser. 

Thee situation is different for the case of cw solid-state laser excita-
tion.. As can be seen in Fig. 5.10, no saturation of the additional erbium 
luminescencee was observed over more than three decades of FEL power. 
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Thee magnitude of the FEL-induced erbium luminescence was found to be 
proportionall  to the square root of the FEL power 

AIAIPLPL==  m3y/PFEL- (5.4) 

Underr continuous illumination (cw) all the centers, related and unrelated 
too erbium, attain equilibrium concentrations as excitation and recombi-
nationn processes balance each other. Application of the MIR radiation of 
cww illumination wil l temporarily block recombination channels involving 
shalloww impurities by ionizing them; at the same time other recombination 
pathss will be promoted. Such an effect is similar to that observed under 
applicationn of a microwave field. I t has been shown that the microwave-
inducedd impact ionization in InP:Yb leads to a decrease of the photolumi-
nescencee related to shallow levels, donor-acceptor pair and bound exciton 
emissionn bands, which is accompanied by an increase of Yb emission [14]. 
Inn view of an evidently very long lifetime of the carriers trapped at levels 
involvedd in the mechanism investigated here, it is assumed that these lev-
elss wil l be completely filled under conditions of a continuous band-to-band 
excitation,, thus resulting in carrier storage. Assuming that the shallow 
trapss are donors, the generation of extra carriers in the conduction band 
byy the MIR pulse wil l resemble the generation of electron-hole pairs across 
aa sub-band with the relation AnpimP ~ PFEL

 a nd An — pimp, where An 
iss the extra electron concentration in the conduction band and pimp cor-
respondss to the hole concentration at shallow states. This is different to 
thee case of pulsed Nd:YAG excitation, where one has An <C pimp- The 
additionall  PL intensity under cw solid-state laser excitation wil l be pro-
portionall  to the product Anp, where p is the number of holes generated 
byy the primary beam. This leads to AIPL ~ \/PFEL, in agreement with 
thee experiments as presented in Fig. 5.10 [15]. 

Thee equilibrium state can be described by the excitonic mechanism 
whichh was initiall y developed for the erbium-in-silicon system by Bresler 
etet at. [1] and further modified to account for the excitation power and 
temperaturee dependence of the photoluminescence intensity, as presented 
inn chapters 3 and 4. Since the experiment was performed at liquid helium 
temperature,, practically all electron-hole pairs excited by visible light are 
boundd into free excitons or recombined via alternative centers. Therefore, 
thee concentrations of free electrons and holes are low. The free excitons 
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migratee and they are captured by neutral donors induced by erbium com-
plexes.. It is assumed that there exist two types of capture centers one 
off  which does not activate erbium ions, designated as "nonactive", while 
thee other produces excitation of erbium luminescence and is designated as 
"active".. Under stationary conditions of erbium pumping the equilibrium 
situationn wil l be reached. From these conditions the following appropri-
atee set of kinetic equations will be given for the concentrations of free 
excitons,, nx, bound-nonactive excitons, nxbn, bound-active excitons, n ^ 
andd excited erbium ions, TIET: 

dndnx x 

—jT—jT = Cr - vcombnx, (5.5) 

xx n = vcnnx - vLnxbn, (5.6) 
dt dt 

Cwlxba, Cwlxba, 

dt dt 

dndn*Er *Er 
dt dt 

==  VcaKx — Vtrnxt,a, (5.7) 

== vtrnxba - vnEr, (5.8) 

wheree G is the electron-hole generation rate by the cw solid-state laser, 
VcnVcn and vca are the capture coefficients of free excitons by nonactive 
andd active donors, respectively, Vcomb = Vcn + vca is the total capture 
coefficientt of free excitons, vtT is an energy transfer coefficient from active 
boundd excitons to erbium ions, v^} is the lifetime of the active bound 
excitonn relative to Auger excitation process, v~^~ is the lifetime of the 
nonactivee centers and v~x is the total lifetime of an erbium ion in the 
excitedd state. Under steady-state conditions all time derivatives wil l be 
zeroo and the system can be easily solved to give the following results 

nnn n ==  Gv-J^, (5.9) 
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nnxtmxtm = Gvcomb-^-, (5.10) 

nxbanxba = GvJmb̂ , (5.11) 

"Br-Gv^-f."Br-Gv^-f. (5.12) 

Thee intensity of erbium luminescence is given by I = n*Er/Tdj where Td 
iss the radiative lifetime of excited erbium ions. 

Applyingg a short pulse from the free-electron laser, a change of erbium 
luminescencee intensity occurs. The only quantity that can be seriously 
influencedd by the free-electron laser is the capture coefficient i ^ , since 
vvtrtr and v cannot depend on the absorption of MIR pulse and VL is not 
connectedd with excitation of the erbium. Guided by the experimental 
observations,, it is further assumed that only nonactive centers are influ-
encedd by absorption of MIR light while its energy is too low to induce 
changess in the capture coefficient of active centers uca. In fact, 

VcnVcn = OcNoVT, (5.13) 

wheree ac is the capture cross-section, No is the concentration of neutral 
donorss (nonactive centers), vT is the thermal velocity of free excitons. 
Sincee the capture time of carriers at donor levels is short, of an order 
off  nanoseconds, in comparison to the duration of the FEL pulse, the 
equilibriumm between free electron and ionized donor concentrations can 
bee established. In that case, on application of the free-electron laser 
pulsee the concentration of neutral donors changes according to a kinetic 
equation n 

dSNdSN00 „  c , 
,, = -PFEL0t{t ~ tl)<TlRNo + VrecOnSNo 

==  -PFEMt-ti)<TiRNQ + vrec(ÖNQ)2, (5.14) 

wheree PFEL is the intensity of the free-electron laser beam applied at t\ 
(delayy time of MIR pulse), am is the cross-section of MIR light absorp-
tionn by neutral donors, i/~£. is the lifetime of the recapture of an electron 



EffectsEffects of mid-infrared radiation on Er-related photoluminescence 95 

byy an ionized donor and 6n and 6No are the FEL-induced changes of the 
conductionn band electrons and nonactive donors, respectively. The ab-
sorptionn of MIR light wil l decrease the concentration of the neutral donors 
andd block the formation of bound excitons at nonactive centers. Assum-
ingg that the situation is quasi-stationary one can neglect the derivative 
andd solve Eq. 5.14 to get 

ww * IRN0PFELAt 

VV  "ree 

wheree A* is the duration of the MIR pulse. This sudden rise of the con-
centrationn of free excitons induces an additional flow of excitons to active 
centerss with a corresponding increase of erbium luminescence intensity 
withh 6No = 6n » 6nxbn. These effects can be described with the same 
sett of equations 5.5—5.8. This time the system is not in equilibrium as 
aa transient signal will be created. The role of the generation "source" is 
playedd by the term 

SnSnxbnxbn66tt(t(t - tx) = <r cvTxh
RNQPFË Ĝl/-inbl/-Li6t{t _ f l ) . { 5 .1 6) 

VV  ^rec 

Underr the assumption of i/tr ^§> ^camb the rate equations 5.5—5.8 can be 
solvedd for the case of non-equilibrium; the concentration of extra excited 
erbiumm ions will be given by 

An*An*ErEr = AFEL i^2 ^ [c-"(*-«0 - e~-comb(t-t  ̂ ( 5 1 ?) 

where e 

AA ,VlRNoPFEL&>t „  _i _i / c 1oN 

AAFELFEL = (TcvTJ Gv^vj). (5.18) 

Suchh a dependence will produce an additional signal of erbium lumi-
nescencee whose magnitude will be proportional to the square root of the 
FELL power. This is indeed confirmed by the experiment over nearly four 
decadess of FEL pulse power as presented in Fig. 5.10. 
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5.66 Conclusions 

Inn this chapter two effects are discussed: quenching and enhancement of 
erbiumm photoluminescence which are induced by mid-infrared radiation 
fromm the free-electron laser. The quenching effect is proposed to be a con-
sequencee of the disruption of the energy transfer processes by the MIR 
radiation.. The enhancement of erbium photoluminescence is interpreted 
ass a release of energy generated with the band-to-band pulse and stored at 
shalloww centers which are predominantly of shallow, effective-mass-theory 
character.. This conclusion is proven by experimentally observed ioniza-
tionn spectra as a first spectroscopic evidence of shallow centers involved in 
thee energy transfer processes to excite the erbium ions. Theoretical calcu-
lationn of the wavelength and power dependence of the additional erbium 
luminescencee by the MIR pulse gives good agreement with experimental 
data. . 
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