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Chapterr 7 

Opticall  Properties of the Er-1 
Center:: A Candidate for 
Realizationn of Optical Gain in 
Si:Er r 

InIn Chapters 5 and 6 we have investigated microscopic structure of the. Er-1 cen-

terter formed in Si/Si:Er nanolayers grown by a. modified SMBE technique. In this 

ChapterChapter we examine specific optical properties of this center in order to evaluate its 

potentialpotential for photonic applications. In particular, we determine its effective excita-

tiontion cross section and estimate the percentage of Er dopants involved information 

ofof Er-1. 

7.11 Introduction 

Whilee crystalline silicon continues to dominate the mainstream integrated circuit 

devicee manufacturing, applications of this most important semiconductor material 

remainn electronic rather than photonic. Due to the relatively small and indirect 

bandgap.. silicon is a poor light emitter. Although various approaches to silicon 

photonics,, such as quantum confinement in nanostructures [71] and inhomogeneous 

Si-basedd media [110]. or optical doping with rare-earth ions [70.111]. have been 

activelyy explored, lasing action still has not been demonstrated, and reports on 

opticall  gain [112] and intense room temperature emission [113] from Si structures 

remainn controversial. In Chapters 5 and 6. we have confirmed preferential produc-

tionn of a single type of an optically active Er-related center in silicon [95.114.115]. 

Highh concentration of a specific center (labeled Er-1) was found in Er-doped Si 
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iianolayerss grown by sublimation MBE. We have also established the ultra-small 

linewidthh characteristic of emission related to the Er-1 center which indicates a 

possibilityy of a 103 — 104 increase of the expected gain coefficient, when compared 

too the implanted Si:Er materials used so far. Therefore the Er-f center emerges 

ass a plausible candidate for achieving population inversion and stimulated emis-

sionn in Si based materials: a long sought after goal of semiconductor science and 

technology. . 

Thee research on optical properties of silicon continues to be spurred by prospects 

off  a full integration of electronic and photonic components (also on-chip) and by 

almostt unlimited possibilities of the highly developed silicon technology. While 

ann efficient band-to-band recombination is not possible, crystalline silicon shows 

somee typical features of optical materials, such as afterglow and optical mem-

oryy [116. If 7]. and has properties that are potentially very attractive for optical ap-

plications.. The most prominent of these is the possibility to suppress nonradiative 

recombinations,, offered by a superior level of impurity control. 

Quantumm confinement effect can influence the energy band structure1. In deed, 

followingg this approach optical gain in nanocrvstalline silicon [If2] and efficient 

room-temperaturee (RT) emission from boron inclusions were reported [113]. An 

alternativee approach to improve the photonic properties of silicon is offered bv 

opticall  doping, i.e. by introduction of efficient radiative recombination centers. 

Rare-earthh ions are especially suited for optical doping as their (core) structure is 

welll  screened from external influence. Erbium has become the optical dopant of 

choice,, in view of the fact that its omission wavelength of ~ 1.5 /an is suitable1 for 

telecommunicationn applications. 

Inn the past decade Si:Er has been intensively investigated for emission opti-

mizationn [72]. The research revealed several disadvantages of this system, which 

couldd not be fully eliminated: a strong emission reduction at higher temperatures, 

andd a low percentage of optically active Er-related centers. Thermal quenching 

iss absent for photoluminescence (PL) of Er ions embedded in a SiC>2 matrix, but 

thiss system, in turn, is characterized by a very small cross section of (direct) ex-

citation.. In view of that, a nonhoniogeiious medium of Si nanocrystals (nc-Si) 

dispersedd in a S i02 matrix is recently investigated as an alternative1 host for Er 

doping.. In this case, the large bandgap of Si02 provides thermal stability for the 

Err emission, while Si nanocrystals facilitate efficient excitation. Following this ap-

proach,, development of RT-operating LED's was proven to be possible. However, 

recentt results indicate that population inversion might be difficult to reach in this 

systemm [118.119]. 

Inn view of a low optical activity of Er ions in Si. a high concentration in range 

off  fO19 - 102() cm- *  is necessary. Such high impurity levels exceed by far the 
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solubilityy limits, and can only be realized by nonequilibrium methods. For that 

purposee implantation [70. 71] and MBE [120] are commonly used. The currently 

obtainedd quantum efficiencies of RT photo- and electroluminescence from Si:Er are 

ratherr low — typically 10-° — 10~4. 

Finally,, we note that although the Si:Er system exhibits a long excited state 

lifetime,, due to the forbidden character of the intra-4/-electron shell transitions, 

populationn inversion and laser action have not been achieved in crystalline Si:Er 

(whilee optical amplifiers based on Er-doped insulators are routinely manufactured). 

Realizationn of lasing action would provide a major boost for optoelectronic appli-

cationss of Si. In order to achieve gain, the absorption by Er3+ ions should be 

maximizedd and losses minimized. The latter include absorption of the 1.5 um 

radiationn in the host and nonradiative recombinations of excited Er3+ ions. For 

reliablee gain estimation, the value of the absorption cross section a at 1.5 /mi for 

Er3++ ions embedded in Si substrate is necessary. This is not known and has to be 

derivedd from the linewidth AE and decay time r of the 1.5 /mi Er-related emis-

sionn band. For the presently used implanted Si:Er materials these are typically 

AEAE ~ 5 meV and r « 1 ms. Using these values and assuming that the r % 1 ms 

timee constant represents the purely radiative lifetime, the Er3+ ion excitation cross 

sectionn can be estimated as a ~ 2.5 x 10~19 cm2. In order to calculate the gain a 

thee excitation cross section has to be multiplied by the available concentration of 

excitedd Er3+ ions: 

ÖA^l.S^mm = ^A^l.ÓMm^(Er ). (7.1) 

Assumingg a typical concentration of Er3+ ions in the implanted layer to be 

N(ErN(Er3+3+)) ~ 1020 c m- 3 and taking into account that usually only 1% of them is 

opticallyy active, we obtain the gain coefficient of a « 0.25 cm"1. On the other 

hand,, losses due to free-carrier absorption at 1.5 /mi, non-radiative recombination 

off  Er3+ ions (Auger effect, upconversion. etc.). are usually estimated as at least 1 

cm- 1.. Therefore realization of a Si laser based on Er doping is usually considered 

unlikely. . 

Recentlyy a new type of Si:Er optical structures has been proposed [79]. The 

ideaa follows from a notion that since the most efficient low temperature excita-

tionn mechanism of Er proceeds via excitons. the generation conditions for excitons 

shouldd be optimized. The requirements of a high Er3+ ions concentration and 

efficientt exciton generation cannot be met simultaneously. Therefore for heavily 

Er-dopedd layers excitons are generated in the substrate rather than in the layer it-

self.. This is evidenced by the fact that PL intensity does not increase above certain 

thicknesss of a Si:Er layer. It does increase, however, when a "spacer" of undoped 

Sii  is inserted into the Si:Er layer. Therefore, a sandwich structure of interchanged 

Si/Si:Err nanolayers exhibits superior optical properties. Upon illumination with 
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aa laser beam, excitons generated in spacer regions diffuse into doped layers and 

providee excitation of Er 3+ + Suchh an "spatially-separated'' excitation scheme 

iss in its concept somewhat similar to that utilized in the earlier mentioned inho-

mogeneouss SiC>2/nc-Si:Er samples, where processes of photon absorption (nc-Si) 

andd emission (Er3+ ions in the SiC>2 matrix) also take place in different parts of 

thee sample. In addition to the more efficient exciton formation, spatial separation 

reducess Auger quenching by free carriers generated during the excitation process. 
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Figuree 7.1: PL spectra measured at 4.2 K for (a) sample of Si:Er and (b) SiC>2:Er 

underunder excitation wavelength \exc=520 nm. The inset shows a PLE spectrum 

SiO-2'.ErSiO-2'.Er sample — see text for details. 

Inn Chapters 5 and 6, we have conclusively showed that Er-related 1.5 /um 

emissionn in such structures is dominated by a single center, the Er-1 center, which 

iss characterized by a homogeneous and ultranarrow bandwidth of AE < 10 fieV. In 

thiss Chapter we investigate potential of the multilayer structures for realization of 

opticall  amplification. To this end, we attempt to measure excitation cross section 

andd percentage of Er dopants participating in the optically active centers. 

7.22 Experimental details 

Thee experiments were performed on two samples: Er-doped silicon grown by sub-

limationn MBE (Si:Er - #51) and Er-doped silica (Si02:Er). The sample #51 has 
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beenn investigated in Chapter 6 and comprises 400 interchanged Si and Si:Er layers 

off  a few nanometers thickness stacked along the <100> growth direction. The 

totall  Er density is found to be 2 x 1014 em- 2. The Si02:Er sample has been pre-

paredd by a triple Er-implantation: 1.5 x 1014 cm- 2 at 200 keV: 2.8 x 1014 cm- 2 

att 500 keV and 5.6 x 1014 cm- 2 at 1000 keV and followed by 30 min. at 1000 °C 

annealingg in nitrogen. The total Er implantation dose was then 9.9 x 1014 cm- 2 . 

Forr comparison, data obtained for an implanted sample (labeled J900) have been 

alsoo included in the study. This sample has been prepared by Er (energy 320 keV. 

dosee 3 x 1012 cm~2) and O (energy 40 keV, dose 3 x 1 0u cm- 2) implantations 

followedd by 900 °C/30 min. anneal in nitrogen. 

Thee PL experiments were carried out in a variable temperature continuous-

floww cryostat accessing the 1.5 — 300 K range (Oxford Instruments Optistat CF). 

Thee samples were excited using a cw argon-ion laser operating at 514.5 nm or 

aa tunable Optical Parametric Oscillator (OPO) laser, producing pulses of 5 ns 

durationn at 20 Hz repetition rate. The luminescence was resolved with a 1 m F /8 

monochromatorr (Jobin-Yvon THR-1000) equipped with a 900 grooves/mm grating 

blazedd at 1.5 um and detected by an infrared photomultiplier with a 35 us response 

time.. Figure 7.1 shows the PL spectra of the Si:Er (#51) and Si02:Er samples 

inn the 1.5 //m range at 4.2 K under excitation with OPO set to a wavelength of 

KTCKTC — 520 nm. In this excitation wavelength, the Si02:Er sample was excited 

resonantlyy corresponding to the 4/i5/2 ~^2 #11/2 transition. The inset shows a 

photoluminescencee excitation (PLE) measurement for Si02:Er sample obtained 

byy scanning the OPO wavelength. 

7.33 Results and discussion 

Forr determination of the excitation cross section, the excitation power dependence 

off  the PL intensity was measured at 4.2 K - see Fig. 7.2. for all four major 

componentss of Er-1 center: line L\ (6502.85 cra^1) - trace a: L\ (6443.72 cm- 1) 

-- trace b; L\ (6433.59 cm- 1) - trace c and L\ (6393.17 cm- 1) - trace d. under cw 

argon-ionn laser excitation — see Chapter 6 for line labelling. All the measurements 

weree performed with the same experimental settings, so that the PL intensity scale 

iss common for all the data points. As can be seen, the behavior of these lines is 

similar.. Results were fitted by a formula [72] [121]: 

11 + 3\J(TT$> + <7T<Ï> 

wheree 3 is an adjustable parameter representing the physical elements of the lu-

minescencee process, a is a effective excitation cross section of Er3+ ion. r is the 
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Fluxx of photon (cm-2 s_1) 

Figuree 7.2: PL intensity, measured at 4-2 K, as a function of excitation power of 

cwcw laser for line L\. L\. L\. and L\ 

effectivee lifetime of erbium in the excited state and «Ï1 is the flux of photons. The 

appearancee of the 3\/CTT$ term is a fingerprint of the Auger effect hindering the 

luminescentt process [72] [121]. The solid curves are best fits to the experimental 

dataa using Eq. 7.2 with parameter 3 = 1.9  0.1. In that way, the excitation 

crosss section parameters of Er-1 center are determined as: o~{Xexc = 514.5 nm) 

== 4.9 x 10~15, 5.7 x 10"15, 8.5 x 1CT15 and 5.9 x 10~15 cm2 for line L\, L\. L\ 

andd L\. respectively. With the experimental error of Acr = 2 x 10~'° cm2, the 

excitationn cross sections are identical for all the emission lines. This is consistent 

withh the results of Chapter 6 where we have showed that these lines originate from 

thee same Er-related center. 

Wee have also examined decay characteristics of the L\. L\ and L\ lines at 

4.22 K under OPO excitation with a wavelength of \exc = 520 nm and <3? = 3 x 

10222 c i ] r 2s~ '. Figure 7.3 shows that under these conditions the decay kinetics 

iss composed of a fast and a slow component. Fitting two exponentials to the 

measuredd profiles, we obtained 1/e decay times of 7> = 150 [is and TS = 900 /is 

contributingg to the signal for all the four lines. The intensity ratio of the fast and 

thee slow component is found to be 1:1, the same for all the lines. 

Presencee of two components in decay kinetics could indicate the presence of 

twoo different centers [122]. To examine this possibility we separated PL spectra 

forr the fast and the slow components by integrating the signal over time windows 
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Figuree 7.3: PL decay at 4-2 K for lines L\, L\ and L\ under \exc = 520 nrn of 

pulsepulse laser and $ = 3 x 1022 cnrT2s~i. The inset shows the power dependence of 

thesethese lines with pulse laser 

tt G [0, 100 /is] for the fast and t G [100 /is, 4 ms] for the slow component. The 

spectraa are found to be identical, regardless of the different decay time constants. 

Takingg into account the very small linewidth of the investigated PL lines, we 

concludee that a possibility of a co-existence of two different Er-related centers is 

nott consistent with our findings. The PL intensity of these prominent emission 

liness as a function of excitation density up to 3 x 1023 c n f V 1 is shown in the inset 

off  the Fig. 7.3. By looking at the decay kinetics at different excitation densities, 

wee find that the intensity ratio of the fast to the slow component increases with 

thee laser power. While this issue is still under investigation, this suggests that 

twoo different de-excitation processes take place for the same center. The slow 

componentt is likely to represent the radiative decay time of Er ion in silicon which 

iss generally assumed to be around 1 ms. The fast component could be induced by 

ann Auger process with free carriers generated by the excitation pulse. 

Too obtain quantitative information from the pulsed laser measurements, we use 

thee following rate equation, involving the carrier density n, the density of exciton 

nnexex,, and the concentration of excited Er center N r̂: 

^^ = a*(N% - N*Er) - A ^ ( - ) , (7.3a) 

aa = a CA rt (7.3b) ) 
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.\'ff.\'ffrr  is the total concentration of excitable Er3+ ions present in the sample, a is 

thee absorption coefficient of silicon. c.\ is the capture coefficient of free excitons by 

erbium-relatedd centers with erbium excitation. r(J and r are the effective lifetime 

off  excitou and Er*5+ in the excited state. The exciton lifetime. r ( r . is controlled 

mainlyy by nonradiative Auger processes associated with presence of Er-related 

donorss or other impurities. We assume that the binding of free carriers into free 

excitonss dominates at low temperatures (for more details see Appendices). The 

decayy time r corresponds to an effective lifetime of Er'5' ions in the excited state 

duee to both radiative1 and nonradiative recombinations: 

11 1 

wheree Tr(1(i is the decay time of excited Er centers by radiative transitions and c,\j-;r 
iss the coefficient of the Auger process of nonradiative recombination of excited Eri + 

ions.. Eq. [7.3a] concerns concentration of excited Er centers with two possible 

de-excitationn paths: radiative emission with spontaneous emission time rrad and 

Augerr quenching process which is proportional to the density of fret1 carries. In the 

presentt experiment, the duration of the OPO pulse (At = 5 ns) is much shorter 

thann the characteristic lifetime r of Er1+ in the excited state (At -C r). We assume 

thatt recombination does not take place during illumination, and the population 

yj.yj.::,.,. reaches the level of: 

y*y*ErEr(t(t = At) = A'£[ l - exp(-o<S>At)}. (7.5) 

Forr low excitation density, when a$At <^i 1. this formula gives a linear dependence 

onn flux: N£r = a^N^At. When aQAt » 1, the saturation regime can be 

obtained:: A^ v = A~J,y- Since in the experiment the PL signal is integrated in time, 

andd the PL intensity is proportional to y*Er/rrad. the result of the experiment 

iss given by y*ErTfrrad- By fitting all the data for L\. L\ and L\ in the inset of 

Fig.. 7.3 with Eq. 7.5 we obtain the excitation cross section of Er3+ ions for 

alll  these emission lines as a = (6  2) x 10~1,J cm2 of the Er-1 center. This 

valuee is in a good agreement with that obtained for cw laser measurements - Fig. 

7.2.. and close to previous reports for Er-implanted silicon [123]. While physical 

interpretationn of this experimentally determined '"effective" excitation cross section 

iss cumbersome, this suggests that, in general, the Er-1 center could have a similar 

excitationn mechanism to that of other Er-related optically active centers in Si. e.g. 

inn samples prepared by ion implantation. 

Figuree 7.4 shows the dependence of PL intensity at A = 1.538 //m (L\) as a 

functionn of excitation density for photon flux up to 3 x 1025 at Xexc = 520,855,1035 

nm.. For Aexc = 520 nm the PL intensity increases rapidly with the flux of photons. 
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Figuree 7.4: PL intensity at X — 1.538 fim (L\) as function of the pulsed excitation 

densitydensity for three difference excitation wavelength Xexc = 520.855 and 1035 nm 

reachess a maximum, and then quenches for a still higher flux of photons. For 

XXexcexc = 855 nm excitation, the PL intensity goes up to a saturation level. The 

saturationn level in this case is lower than for Xexc = 520 nm excitation, and roughly 

equall  to its level reduced at the high photon flux. For the Aelc = 1035 nm. the PL 

intensityy slowly increases with the flux of photons to the saturation level equal to 

thee maximum found for Xexc = 520 nm. By fitting the latter curve with Eq. 7.5, we 

findd the excitation cross section for Er ion at Xexc = 1035 nm as a = (5  1) x 10_ 1' 

cm2.. In this case, the excitation cross section is lower by two orders of magnitude 

thann the value at Xexc = 520 nm. This can be fully accounted for by the fact that 

thee excitation of erbium ions proceeds via Si lattice whose absorption coefficient 

decreasess sharply at longer wavelengths. 

Inn Fig. 7.5a the decay characteristic of the PL intensity at A = 1.538 p 

(linee L\) for Xexc = 520 nm is shown for selected values of photon flux: $ = 

33 x 1022.6 x 1022.4.5 x 1023 and 3 x 1025 c m - V . The ratios of PL intensity of 

fastt and slow components increase with the flux of photons and are determined, 

respectively,, as (1:1), (1.3:1), (1.5:1), (2.2:1). At higher flux of photons the fast 

componentt is prominent. This is consistent with a clear quenching PL intensity 

shownn in Fig. 7.4 at high flux values and, again, points to a possible Auger process 

withh free carriers which could become significant at high excitation density, as its 

origin. . 
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Figuree 7.5: PL decay at 1^.2 K with (a) - \exc = 520 nm for four difference flux of 

photons:photons: (b) - «3? = 3 x 10 cm s~l for two different excitation wavelengths 

Forr the \exc = 855 inn excitation, the saturation level is not identical to that 

forr Aexc = 520 nm. At this wavelength, the penetration depth is of the same order 

ass the thickness of the optically active layer and larger than the penetration depth 

off  Ae.,;c = 520 nm excitation. This could promote the Auger process: with a high 

concentrationn of carriers in the optically active layer, the Auger process is more 

probable.. In case of Xexc = 1035 nm excitation wavelength, the penetration depth 

considerablyy exceeds the thickness of the optically active layer: less carriers are 

generatedd in the optically active region and so PL intensity increases slowly with 

thee flux of photons. This scenario is also consistent with the results shown in Fig. 

7.5b:: the ratio of the fast and the slow components at \exc = 855 nm excitation is 

higherr than at \exc = 1035 nm. We note that the decay kinetics of \exc = 520 nm 

excitationn at maximum intensity is identical to that observed for \exc = 1035 nm 

att maximum flux of photons. 

Ann estimate of the number of emitting centers can be made by comparing the 

PLL intensity of Si:Er Sample # 51 with that of the SiO-2:Er sample measured under 

thee same conditions. Figure 7.6 shows the dependence of PL intensity at A = 1.538 

fivafiva as a function of excitation density for Xexc = 520 nm. From the measurements, 

wee conclude that the intensity of emission from SiC^Er sample shows a linear 

dependencee over the whole investigated flux range. In this case, the integrated 

PLL intensity is proportional to Agr(r/T rad) = <7<£>ArEr(Si02VEr^(T/TVad)- For the 

SiC>2:Err system the values of all the parameters are known: ffgiCVEr = 2 x 10~20 
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Figuree 7.6: PL intensity at A = 1.538 //TO (' i j j as function of the fulsed excitation 

densitydensity for Si:Er and SiO-2'.Er samples under excitation wavelength Xexc = 520 nm. 

TheThe right hand scale shows the density of Er3+ ions in the excited state in SiO'2-'Er 

sample sample 

cm22 f 1241. and NZ (wee assume that all the implanted ions are 

opticallyy active). Further, we take r/Traci = 1. Therefore, the well-characterized 

SiC^Err system can be used to attr ibute the PL intensity to a particular density 

(cm- 2)) of excited Er3+ ions, as given by the right hand scale in Fig. 7.6. 

Inn order to compare emission from the two investigated samples we note that 

thee ratio of time integrated PL intensities is given by: 

/si:Err C , x a TV*, x (n/r^) 

Is Is 02:Er r 
Si02 2 

'lout 'lout N* N* 
iV Er(SiO. . 

: E r ) x ( r 2 / r | a d) ' ' 
(7.6) ) 

wheree T\$, r[ a
2
d, N*ETEr(SiO Er)>  r?out ' 2 correspond to the effective and radiative 

decayy times, density of excited Er3+ ions, and the fraction of emitted photons that 

aree collected in the apparatus (extraction efficiency), respectively, for Si:Er and 

SiC^Err sample, a indicates photon loss due to surface reflection: the Si surface 

reflectionn loss reduces the absorbed power by about 70% while reflection loss for 

SiC>22 can be neglected. The ratio of the extraction loss can be calculated from the 

refractivee indexes of Si and SiO>: 

XX -jff 
0.175, , (7.7) ) 
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Figuree 7.7: PL intensity at X = 1.538 /J,m (L\) as function of the fulsed excitation 

densitydensity for sample #51 and sample J900 under cw argon laser \exc = 514.5 nm. 

wheree n\, n2 are the reflective indexes of 3.49 and 1.46 at 1.5 /jm emission for Si 

andd Si02- respectively. 

Forr Si, the Er3+ excited state population should be corrected due to nonradiative 

contributionn to the effective lifetime. If we assume the slow component in the de-

cayy kinetic to represent radiative recombination, the correction of the integrated 

PLL intensities is given by: 

hv.EThv.ET _ AFTF + ASTS _ AF/ASTF + TS , . 

/totall  ~ (AF + AS)TS ~ (AF/AS + 1)TS' 

wheree AFs, TFS correspond to amplitudes and decay time of the fast and the slow 

componentss of the signal, respectively. At the saturation level, Ap/As = 1.5/1, 

TTFF = 0.15 ms. TS = 0.85 ms. and we get isiW-ftotai = 1/2 and Ti / r [ ad = 1/2. 

Consequently,, under the same excitation conditions the excited state population 

inn Sample # 51 has to be 2 times higher in order to give PL intensity equal to that 

off  sample SiC^Er. 

Finally,, the different spectral shape of the 1.5 ftm band in the two samples has 

too be accounted for: for the same intensity at a selected wavelength, the integrated 

PLL from Si02:Er sample is about 3 times higher than for Sample # 5 1. Therefore, 

thee PL saturation observed for Si:Er sample under band to band excitation cor-

respondss to an excited Er3+ density of: 

N%N% = 1.5 x 1012 x - i ? 5* x - - x 2 x 1 « 8.2 x 1012 cm"2. (7.9) 

c c 

Z3 3 
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c c 
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Thiss implies that the percentage of the optically active Er3+ ions in Sample 

#511 is: P(7c) = 8.2 x 1012/2 x 1014 = (4.1  0.8) {7c). This value is comparable 

too the highest level achieved in Si:Er materials prepared by ion implantation 

Too cross-check this estimation, we performed a comparative measurement using 

thee implanted Sample J900. Fig 7.7 shows the power dependence of PL intensity 

forr the #51 and J900 samples measured under cw argon laser excitation. As can 

bee seen, the intensity of Sample #51 is about 25 times higher than that of sample 

J900.. The percentage of the optically active center in this sample is: 

/#511 = ^Er.#51 X (W^ i a d) 

/j9000 W£r,J9oox ( r , / r [ a d) ' 

pp
 AEr.J900 1 1 8.2 X 1012 

P = ^ ^^  = ^ X 2 X T 7 T Ö ^ = °-5 ( X )- (7-10) 

whichh agrees well with an independent measurement based on absolute number of 

alll  the photons emitted from Sample J900 [125]. 

Wee therefore conclude that about 5% of all the Er atoms present in Sample # 51 

aree involved in optically active Er-1 centers. That implies that with an optimized 

samplee - see data in Table 6.1, Chapter 6, the maximum percentage of optically 

activee centers which can be realized in Si/Si:Er nanolayers can be estimated as 

~~ 32%. This is about an order of magnitude higher than in any other Si:Er 

materials. . 

7.44 Conclusions 

AA detailed consideration of excitation mechanisms of the erbium in crystalline 

siliconn prepared by SMBE, the Er-1 center, is carried out under cw and pulse lasers 

pumping.. The overall excitation cross section for Er3+ ions has been evaluated as 

err = (6  2) x 10~15 cm2. This value is high suggesting that excitation of the 

Er-11 center is a very efficient process. Further, by a direct comparison with a 

calibratedd SiC^Er sample, we conclude that up to ~ 32% of the total number of 

Er3++ ions present in Si/Si:Er nanolayers can attain optical activity. This represents 

aa considerable improvement over Si:Er prepared by ion implantation and in view 

off  the discussion presented in the introduction paragraph of this Chapter opens 

neww hopes towards realization of optical gain in Si:Er. 
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