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Chapterr 4 

Investigationn of the afterglow 
effectt in Si:Er 

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

4.11 Introduction 

Rare-earthh (RE) doped semiconductors are very attractive systems for photonic 
applications.. In particular, Er3+ intra-4f-shell luminescence features sharp emis-
sionn at an almost temperature independent wavelength of 1.5 [xm, which falls at 
thee minimum loss of optical fibers used in telecommunications. Silicon, the lead-
ingg material for electronics, is not very suitable for optoelectronic applications due 
too its indirect band gap. However, since the first observation of low-temperature 
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1.544 //m emission from a Si:Er material [20]. much effort has been invested to 

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

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

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

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

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

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

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

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

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

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

sityy many processes are activated simultaneously and this can obscure observation 

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

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

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

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

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

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

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

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

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

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

characteristicss of the MIR-induced Er PL enhancement. 

4.22 Experimental details 

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

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

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

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

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

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

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

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

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

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

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

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

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

4.33 Experimental results 

4.3.11 Photoluminescence kinetics 

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

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

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

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

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

investigationsinvestigations of the dynamics is marked with an arrow. 

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

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

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

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

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

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

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

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

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

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

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

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

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

indicatedindicated time windows. See text for further explanation. 

4.3.22 Two-color experiments in the MI R 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4.44 Discussion 

4.4.11 Preliminaries 

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

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

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

Figuree 4.4: Illustration of the MIR-induced PL enhancement observed at T = 4.2 

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

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

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

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

ErEr emission. 

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

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

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

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

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

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

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

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

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

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

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

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

exchangee of energy between centers will lead to a stretched-exponent character of 
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Tirree (ms) "Time (ms) 

Figuree 4.5: Temporal characteristics of the MIR-induced Er PL enhancement under 

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

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

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

powerpower an immediate enhancement is observed. The enhancement effect disappears 

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

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

powerpower regimes, respectively. 

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

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

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

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

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

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

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

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

cessess active in these materials. 

4.4.22 Kinetics of the Er3+ PL signal 

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

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

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

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

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

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

timee rrad % 20 ms [50]. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ions. . 

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

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

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

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

byy the slow component. 

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

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

identifiedd in the kinetics arise from two independent contributions superimposed at 

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

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

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

forr the system wil l have the following form: 
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andand the quench amplitude (measured attEx 1.8 ms and t g « 10 ms. respectively) 

areare compared. The mutual relation of both effects is evident. 
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wheree Ne-h, Ngrl, NEr2 and T0 denote the number of electron-hole pairs, the num-

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

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

byy the Nd:YAG laser [5(t)]  wil l create electron-hole pairs in the system (Ne-h) with 

generationn rate G5(t). The number of electron-hole pairs wil l decrease exponen-

tiallyy according to the solution of Eq. (4.2). An effective time constant of T0 wil l 

predominantlyy indicate a non-radiative process, since radiative recombination of 
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Figuree 4.7: MIR-induced Er PL at different temperatures. The PL intensity has 

beenbeen normalized for clarity. The afterglow and the MIR-induced Er PL enhance-

mentment effect disappear gradually upon temperature increase. 

electron-holee pairs in silicon has low probability. In the literature, we find several 

mechanismss for Er3+ optical excitation: an electron from an Er-related level recom-

biningg with a hole in the valence band [28]. a free exciton bound at an Er-related 

levell  forming an intermediate state of a bound exciton character [31], or a resonant 

excitationn via a A'2 conduction subband [29] among others. The common feature 

off  all of them is that non-radiative recombination of at least two particles transfers 

energyy to the 4/-shell of the Er3+ ions. Therefore, in our description we consider 

Err excitation by electron-hole pair recombination with energy transfer in an Auger 

processs to the 4/-shell. Because the two PL components have different amplitudes 

andd can saturate (Fig. 4.3). we introduce individual capture coefficients (C\ and 

C2).. lifetimes (TET1 and TEr2). and saturation terms (N$f and N^f) for the two 

kindss of centers. Once we have solved Eqs.(4.3) and (4.4). taking into account 

thee initial conditions N*Erl{t = 0) = 0 and N*Er2(t = 0) = 0, we superimpose 

bothh signals keeping in mind Eq. (4.1). In this way. good agreement with the 

experimentall  PL dynamics can be obtained. Following the excitation pulse, the 

PLL signal initiall y rises with a time constant determined by the electron-hole pair 
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lifetime,, and then decays with TEV and T2. 

Whilee such a mathematical description of the experimental results is correct, 

wee note that according to our findings, the decay time of the slow component 

changess from sample to sample (20 - 100 ms range) and its microscopic origin is 

nott clear. Moreover, there is no particular justification for the existence of only 

twoo different optically active Er centers, and not more. 

4.4.44 Microscopic origin of the slow PL signal 

Untill  now we have considered that the excitation mechanism of Er3+ ions by an 

intermediatee state, in our description assumed to be an electron-hole pair, was 

fast,, i.e.: r0 < TET,T2. This assumption can indeed be supported by Fig. 4.2 or by 

Fig.. 4.3. In the depicted kinetics recorded with a fast PMT detector, we do not 

findd any real rise time, which in the assumed excitation model, should correspond 

too the effective energy transfer time to the 4 ƒ-shell. The experimentally observed 

risee time of the signal reflects the detector response time. We recall that fast 

energyy transfer was also postulated by Taguchi et al. [51], using the same type of 

detector. . 

Wee wil l now consider here another kind of intermediate state, with a very slow 

Err pumping rate, in order to explain the appearance of the slow component. Let us 

supposee that, following band-to-band excitation, one kind of emitting Er centers 

iss excited through an intermediate state, labelled A. The relevant rate equations 

wil ll  be: 

AA A A 

(4.5) ) 

(4.6) ) 

wheree Ttr is the time for energy transfer from A to the Er ions. The PL intensity 

IETIET from the solution of Eqs. (4.5) and (4.6), with the initial conditions that 

A(tA(t — 0) — A0 (we assume the instantaneous creation of the intermediate state) 

andd NEr(t = 0) = 0 wil l be: 

tt \ ft 
expexp l J — exp I 

dA dA 
~dï ~dï 

dNdNEr Er 

dt dt 
A A 

TTtr tr 

A A 
TTtr tr 

--
AT* * 

1~Er 1~Er 

.. ^ , . „„ r . , . (4.7) 
{TEr{TEr — Ttr) [ \ TErJ \ rtr 

Usingg a fixed value of the Er decay time TET ~ 1 ms, we wil l consider this 

solutionn for rtr « TET and for rtr » TET- If Ttr « TET, the signal wil l rise with 

thee transfer time and wil l decay with TEr (~ 1 ms ), as expected. When the transfer 
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t imee is very fast (nanosecond scale) then the detector response time constant wil l 

controll  the rise of IET-, as seen in Fig. 4.1. We note that a similar situation wil l 

occurr when the lifetime of the intermediate state A is affected by an alternative 

recombinationn process (ra; (). In such a case, Eq. (4.5) wil l change to: 

^A--A-A.-^A--A-A.-  A. 
dtdt ~ TtT TM ~ Tt

e/f'  { '  } 

Iff  the transfer to NEr is of a ^s scale and the non-radiative recombination not 

leadingg to Er3+ excitation is characterized by a ra/f of a few ns, the resulting rf/ 

wil ll  be of the same order of magnitude. The experimentally observed IET wil l rise 

veryy fast, while the real transfer time to the Er3+ ions wil l be much slower. 

Ann interesting situation occurs when the transfer time is longer than the life-

timee of Er: Ttr >>  TET- In this specific case, IET wil l rise with a rEr « 1 ms 

timee constant and decay with rtr. We can therefore explain the experimentally 

measuredd kinetics of Er PL as a superposition of signals generated via fast and 

sloww intermediate states, with the contribution from the fast one being much big-

gerr than that from the slow one. The time constant of rEr = 1 ms wil l represent 

thee lifetime of Er in the excited state, while the time constant of T2 = 26 ms wil l 

reflectt a slow excitation time and not a slow recombination process. Such a slow 

excitationn process could be realized by thermal release of free carriers generated 

byy the band-to-band laser pulse and captured at shallow traps. Indeed, a short 

band-to-bandd pulse wil l create free carriers whose recombination wil l excite Er3+ 

ionss in a fast Auger process. These will subsequently emit with the characteristic 

decayy time of TET ~ 1 ms. However, free carriers wil l also be captured at traps, 

whosee origin can be related to the implantation damage or to the impurity con-

taminationn of the host. The recombination of non-equilibrium carriers captured 

att t raps involves their thermal emission to the band and its probability is small at 

loww temperatures. The thermal emission rate R of trapped carriers [3], depends 

onn temperature and on the trap ionization energy Etrap: 

RR = NBa<v>=  10llexp ( ~ f ^ ) , (4-9) 

wheree NB (NC,NV), < v >, and a are the density of states in the (conduc-

tion/valence)) band, the average thermal carrier velocity and a ionization coeffi-

cient,, respectively. Taking typical energy of a shallow trap in Si, by the effective 

masss theory, to be Etrap i=» 45 meV we obtain that the lifetime of a non-equilibrium 

trapp is around 30 ms at a temperature of about 20 K and lowers below ~ 1 fjs 

abovee 45 K. We propose that the slow component (j? ~ 26 ms) appearing in Er PL 
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iss due to excitation of Er3+ ions by recombination of carriers thermally released 
fromm traps with carriers of the opposite type available at the Er-related recombi-
nationn centers. Such a mechanism resembles very much the afterglow effect, well 
knownn for phosphor materials used in optoelectronics [52], but to our knowledge, 
hass never before been reported for silicon. The proposed identification is supported 
byy results obtained for the same material in two-color spectroscopy in the mid-IR, 
ass discussed in the next section. 

4.4.55 MIR-induced Er PL enhancement 

InIn earlier work [43], the MIR-induced Er PL enhancement effect as a function 
off  the energy of the incident photons was investigated. Based on those studies, 
itit  was concluded that ionization of carriers from shallow traps was responsible 
forr the effect, with the wavelength dependence of the ionization cross section [53] 
formingg a fingerprint of the involved traps. In this contribution, we have further 
investigatedd the temporal characteristics of the enhancement of the PL, in order 
too establish its possible link with the afterglow effect reported here for the Si:Er 
material. . 

Inn Figure 4.4, we show the Er PL enhancement effect as observed for low pump 
intensitiess at a delay At = 12 ms between the visible and FEL pulses. The MIR 
radiationn set at XFEL — 12 /im is attenuated by 8 dB in order to avoid saturation. 
Ass can be seen, under these conditions the amplitude of the MIR-induced PL 
signall  is comparable to that of the signal generated by the band-to-band primary 
excitation.. The dynamics of the FEL-induced PL is similar to the fast component 
observedd in Fig. 4.1 and assigned to the decay of Er3+ ions, TET- The identification 
off  the extra PL as the Er3+ emission is also supported by the spectral dependence 
indicatedd in the inset of the figure. This shows that the enhancement appears 
exclusivelyy at the characteristic erbium wavelength of A = 1.54 /im. The temporal 
behaviorr of the enhancement effect is depicted in Fig. 4.5(a) and Fig. 4.5(b) for 
highh and low pump densities, respectively. As reported earlier [54], in Fig. 4.5(a) 
thee additional Er PL cannot be seen for short delays (At < 1 ms). The effect 
appearss for longer delay time values and diminishes on a ~ 10 ms time scale. This 
iss shown by the fitting illustrated in the inset of Fig. 4.5(a) where we have used 
thee same parameters as found for the slow and the fast components in Fig. 4.1. 
Goodd agreement is obtained. 

Thee ~ 1 ms increase of the MIR-induced PL is difficult to explain if we assume 
thatt ionization of non-equilibrium shallow traps is responsible for the enhancement. 
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Capturee of non-equilibrium carriers by traps in silicon is fast and therefore their 

ionizationn by the FEL should be possible immediately after the pump pulse. This 

iss clearly not the case. However, under pulsed excitation conditions it is easily 

possiblee to saturate the Er PL, as seen in Fig. 4.3. Figure 4.5(b) shows the MIR-

inducedd enhancement effect measured under low excitation density, using the Ge 

detectorr for better sensitivity. In this case, the incubation time of 1 ms is no longer 

present,, while the enhancement effect disappears with a decay time that has the 

samee value as in Fig. 4.5(a). The observation of a rise time in Fig. 4.5(a) can now 

bee explained by saturation of the Er PL by the visible pulse. The MIR-induced 

enhancementt decays with a lifetime of 26 ms which is the same as obtained for 

thee afterglow effect in the fit  illustrated in Fig. 4.1. It is possible to ionize the 

trapss at any time, but the magnitude of the effect wil l be proportional to the 

actuall  number of populated traps. For short delay times between the two laser 

pulses,, the traps wil l have the maximum number of carriers and the enhancement 

effectt wil l be large. As the delay time is increased, the number of carriers wil l 

decreasee due to the thermalization, and the magnitude of enhancement effect wil l 

graduallyy reduce. In this way, the enhancement and the afterglow effects are 

mutuallyy related. This is further supported by observation of a clear quench of 

thee afterglow luminescence which follows the Er PL enhancement - see Fig. 4.4 

andd Fig. 4.5(b). A quantitative description of the relation of both components is 

givenn in the next section. 

4.4.66 Microscopic model 

Inn Fig. 4.8, we schematically illustrate the microscopic model proposed to explain 

thee origin of the observed effects. After band-to-band excitation by a Nd:YAG 

pulsedd laser, the Er3+ ions are excited by an Auger recombination of electron-hole 

pairs.. Parallel to this process, free carriers are captured at shallow traps. In the 

cartoon,, these are depicted as electron traps, but from our data we cannot conclude 

whetherr electron or hole traps are involved in the proposed mechanism. We fur-

therr assume that recombination of the trapped carriers and return to equilibrium 

proceedss mainly via their thermal re-emission to the band. This process wil l pro-

videe an additional channel of slow excitation for the Er3+ ions. Since excitation 

off  Er3+ requires recombination of two carriers of opposite types, we assume that 

thee second carrier is captured at an Er-related center immediately after the visi-

blee laser pulse. Alternatively to thermalization, carriers can be optically released 

fromm the traps by the FEL pulse, giving rise to an abrupt increase of the Er PL, 
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Figuree 4.8: Microscopic model of the afterglow effect and the MIR-induced Er PL 

effects.effects. Trapping of electrons has been assumed for purpose of illustration of the 

samesame mechanism. For a detailed explanation see text. 

detectedd as a MIR-induced enhancement effect. For the sake of completeness, we 

notee that bound excitions (BE) readily formed in Si at low temperatures, cannot 

bee responsible for the enhancement effect due to their short lifetime (of the order 

off  ns for donor/acceptor BE or about up to 100 /is for isoelectronic BE). The 

mathematicall  model of the proposed process is very similar to Eqs. (4.2) - (4.4). 

N%N%r2r2 is now replaced by N T̂aps being the number of filled traps, r£ r 2 by a thermal-

izationn time Ttraps, and N^f by the total number of available traps Nj:"^. At the 

timee that the FEL is fired at the sample {tFEL), ionization occurs. We consider a 

neww generation term GFEL which is proportional to the number of traps filled at 

thatt moment (t = tpEL,)-

G G FEL FEL QQNNtrapsetrapse FEL)- (4.10) ) 

Thee factor q represents the efficiency of the ionization process and its value wil l 

varyy between 0 < q < 1 depending on the ionization cross section (a) and the flux 

off  MI R photons (0), q a <pa. The new set of rate equations describing the system 

afterr the FEL pulse, i.e. for t' > tFEL wil l be: 

dNe-dNe-
dt' dt' 

GGFFELS(t ELS(t 
Xr Xr 

M) ) 

(4.11) ) 
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Figuree 4.9: Comparison of experimental data on the FEL-induced PL with a si-

mulationmulation by the kinetic model based on Eqs. J^.ll - \.13. As can be seen, the 

enhancementenhancement of the Er excitation and the accompanying quench of the afterglow 

areare well reproduced (XFEL =10 fim, T = \.2 K, PMT detector). 

dNdN*Er *Er 

dt' dt' 
CCxxNNee__hh(N(N2 2 

total total 
Er Er ^Er ^Er 

TETTET ' 
(4.12) ) 

traps traps 

dt' dt' 
CC22NNee--hh(N, (N, traps traps 

TV**  ) 
11 v traps) 

N* N* 

traps traps 

'traps 'traps 

(4.13) ) 

wheree t e (tpEL, oo). The initial conditions wil l be N*Er(t = tpEL) 

andd N£raps(t = tpEi) = 0 if all the traps are ionized by the FEL pulse. In Fig. 

4.99 we show that for a fixed delay time, a simulation using the above model (Eqs. 

4.111 - 4.13) can reproduce the experimental data very well. We note, that in 

orderr to reproduce results obtained with a slow detector - e.g. the FEL-induced 

enhancementt depicted in Fig. 4.4 - the kinetic changes obtained as solutions to 

(Eqs.. 4.11 - 4.13) have to be convoluted with the detector response time. Also in 

suchh a case (not shown), perfect agreement with the experiment is obtained, thus 

supportingg the proposed model and its assumptions. 
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Thee microscopic model linking the FEL-induced excitation of Er and the ther-
mall  depopulation of non-equilibrium traps available in the host is further confirmed 
byy experiments at higher temperatures. This is illustrated in Fig. 4.7 where the 
dynamicss of the Er PL is shown for T — 20, 30 and 40 K. As the temperature 
rises,, non-radiative processes gain in importance. Consequently, the amplitude of 
thee Er PL will be lower. In Fig. 4.7, the PL intensity has been normalized: in 
thiss way the decrease of the afterglow and of the amplitude of the enhancement 
effectt can clearly be seen. This is due to an increase of the thermal emission rate 
att higher temperatures, and a faster return to equilibrium. We can observe that 
thee afterglow and the FEL-induced enhancement effects disappear simultaneously 
andd are no longer present above 45 K. This confirms the mutual relation of both 
effectss and evidences also the shallow character of the traps responsible for carrier 
trappingg and storage. 

4.55 Conclusions 

Basedd on the presented results obtained at cryogenic temperatures, we conclude 
thatt recombination of carriers, released thermally from non-equilibrium traps avai-
lablee in silicon and populated by a visible pump pulse, is responsible for an af-
tergloww effect of the slowly decaying component of the Er PL. Furthermore, by 
two-colorr spectroscopy with a FEL, we show that the MIR-induced enhancement 
effectt of the Er PL results from optical ionization of the same shallow centers. A 
linkk between the afterglow effect and the MIR-induced Er PL enhancement is con-
clusivelyy established. When the temperature increases, the magnitudes of both 
effectss diminish, as thermalization of trapped carriers accelerates. A simple ki-
neticc model is proposed and shown to give excellent account of the experimentally 
measuredd amplitude of the Er PL enhancement for different delay times. 
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