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Chapterr 8 

Siliconn nanocrystals as sensitizers 
forr Er photoluminescence in SiC>2 

SensitizationSensitization of Er3+ photoluminescence in SiO% layers by silicon nanocrystals has 

beenbeen investigated under resonant and non-resonant, pulsed and continuous optical 

pumping.pumping. We conclude that under pulsed pumping the very efficient channel of Er 

excitationexcitation introduced by Si nanocrystals is easily saturated for higher photon fluxes. 

AsAs a result, only a small percentage of the erbium ions (less than 0.2 %) can be 

excitedexcited in this way. Moreover, we also find that the total concentration of optically 

activeactive Er3'1' ions (excitable either directly or indirectly) is considerably reduced 

uponupon doping with Si nanocrystals. These results indicate that careful material 

engineeringengineering is required for optimization of the sensitization process introduced by 

SiSi nanocrystals in SiÖ2'Er 

8.11 Introduction 

Duee to the spectroscopically sharp and temperature-stable radiative transition at 

AA — 1.54 ^m, which coincides with a minimum of loss in optical fibers, the Er3+ ion 

iss the optical dopant of choice for optoelectronic devices. Si LED's were already 

demonstratedd [18, 19], but the development of a silicon laser is still a matter of 

research. . 

Thee concept of optical doping demands contradictory conditions to be simul-

taneouslyy met: the suitable host should provide efficient excitation of the dopant 

whilee not influencing (disturbing) its emission. Semiconductor hosts are especially 

attractive,, as they offer a possibility of an efficient band-to-band absorption. It 

wass shown that the excitation cross section of photoluminescence (PL) of erbium 
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inn crystalline silicon is several orders of magnitude larger than in a dielectric matrix 

suchh as SiC>2 [28]. Unfortunately, non-radiative de-excitation processes characte-

risticc for Si lead to thermal quenching of emission [28. 76]. On the other hand, 

aa dielectric provides good thermal stability of Er3+ PL, but the excitation effi-

ciencyy is in this case low. as only resonant energy absorption by the 4/-electron 

coree of Er3+ is possible. To combine the advantages of both hosts, a new type of 

Si-derivedd Er-doped optical medium is recently being explored. It comprises an 

Er-dopedd S i02 matrix in which a high concentration of silicon nanocrystals (Si-nc) 

aree dispersed [77, 78, 79. 80, 81]. In this heterogeneous medium (Si02:Si-nc,Er). 

absorptionn and emission processes are spatially separated. The incoming pho-

tonss are captured by the Si-nc's due to efficient band-to-band absorption [82. 83]. 

Subsequently,, the excitation energy is transferred [84] to Er3+ ions located pre-

ferentiallyy outside Si-nc [85]. Due to the large Si02 band gap. such a location 

providess thermal stability of emission. The Si-nc's-mediated energy transfer offers 

ann effective excitation cross section of aexc ~ 10~16 cm2 [86, 87], much higher than 

thee 10~21 - 10~20 cm2 excitation cross section of Er3+ in Si02 [16]. Moreover, since 

band-to-bandd absorption of Si-nc's is possible in a broad spectral range [82], Er3+ 

excitationn does not have to be resonant with internal transitions within the 4 /-

electronn core. In this way, an efficient channel for nonresonant excitation leading 

too temperature-stable emission from Er3+ ions is realized. 

Nevertheless,, despite the increase by a factor of about 104 of the effective 

excitationn cross section and elimination of thermal quenching, multiple reports 

onn PL of Er-doped Si02:Si-nc show a more modest emission intensity increase 

off  approximately two orders of magnitude [78, 80, 81]. In the current study, we 

investigatee the origin of this discrepancy. In particular, we show that under pulsed 

pumpingg only a small percentage of the Er3+ ions can be excited via the efficient 

energyy transfer enabled by Si-nc's. While a possibility of optical gain in Si02:Si-nc 

hass been reported [59], current findings show that careful engineering of the doping 

withh Si-nc's would be required for efficient sensitization. 

8.22 Experimental 

Thee measurements were performed on two sets of samples: SiC^Er, and Si02:Si-

nc,Er,, specially prepared for this study. The investigated layers of 100 nm thickness 

weree grown on Si02 substrates by Plasma Enhanced Chemical Vapor Deposition 

(PECVD),, and represent the state-of-the-art dispersions of Si-nc's in Er-doped 

S i02 .. Details of the fabrication procedure can be found elsewhere [81, 86]. From 
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Figuree 8.1: Normalized photoluminescence spectra of samples #1 (dashed line) and 

#2#2 (solid line) as measured at T = 300 K under resonant excitation at \exl. = 520 

nmnm and nonresonant excitation at \exc = 472 nm, respectively. In the inset, the 

decaydecay traces measured at \ = 1535 nm for sample #2 under two different excitation 

densitiesdensities are shown. 

plainn view transmission electron microscopy, the concentration and mean diameter 

off  nanocrystals were found to be about 5 x 1017 — 1 x 1018 cm- 3 and 3.5 nm. 

respectively.. Er ions were then implanted into the layers at equal energies and 

doses,, to assure identical doping concentration. The implantation procedure was 

followedd by annealing at 900°C for 1 hour in order to remove residual damage. 

Thee description of the samples is summarized as follows: 

Sample e 

#1 1 
42 2 

[Si-nc] ] 

--

55 x 1017 - 1 x 1018 cm"3 

[Er3+] ] 

2.22 x 1020 c n r3 

2.22 x 102() cm"3 

Thee PL measurements were carried out under pulsed and continuous pumping. 

Ass the pulsed source, a tunable Optical Parametric Oscillator (OPO) was used, 

producingg pulses of 5 ns duration with 20 Hz repetition. By scanning the OPO 

wavelengthh (480-1000 nm range), a photoluminescence excitation (PLE) studies 
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couldd be performed. For continuous pumping, the A = 514.5 nm line of an Ar + 

laserr was used. The emerging luminescence was resolved with a single grating 

spectrometer.. PL spectra were recorded with a germanium detector, and the PL 

dynamicss were measured with a near infrared photomultiplier. The measurements 

weree performed at room temperature. 

8.33 Results 

Figuree 8.1 shows the room temperature PL spectra of samples #1 and # 2. Both 

exhibitt a very similar PL band at A % 1.5 fim, originating from the 4/i3/2 —> 4ho/2 

transitionn within the 4/-electron core of an Er3+ ion. In the experiment, sample 

# 11 was excited resonantly with the optical parametric oscillator set to \exc — 520 

nm,, corresponding to the 4I\*,/2 —  2Hn/2 transition. For sample # 2. an identical 

spectrumm was obtained for a broad range of excitation wavelengths. We conclude 

thatt the Er3+ PL spectrum is not affected by the presence of Si-nc's. In contrast 

too this, introduction of nanocrystals changes the decay dynamics of Er-related PL 

fromm a single exponential with rE
l
r
 2 « 11 ms to a stretched exponential, as gene-

rallyy found in nanocrystaline materials [88, 89], with T§l
r~

nc ^ 3 ms and 0 « 0.7 

[90].. We note that the decay characteristics of the Si-nc sensitized PL are practi-

callyy independent of the excitation density, as illustrated in the inset of Fig. 8.1. 

Inn principle, the observed reduction of the decay time in sample #2 can be due 

too introduction of non-radiative processes or reduction of the radiative lifetime of 

thee 4/i3/2 excited state. The latter could be induced by the change of refractive 

indexx in the heterogeneous medium [91]. The 2 % volume content occupied by 

Si-nc'ss (as estimated from the concentration and size of Si-nc's) results in effec-

tivee dielectric-constant and refractive-index values ee// « 4.05 and neff « 2.01, 

respectivelyy (taking est = 12 and €gio2
 = 4). Therefore, the effect of Si-nc on the 

refractivee index is minor, and the corresponding shortening of the radiative decay 

timee is negligible (0.6 %). Thus, the experimentally measured considerable change 

off  the decay time indicates an important role of non-radiative processes (these 

aree not thermally activated, since the decay dynamics is practically temperature 

independent). . 

Figuree 8.2 shows the low-temperature excitation spectra of Er-related PL at A 

== 1.53 /im for the samples #1 {without Si-nc) and #2 (with Si-nc). As can be 

seen,, for Er3+ ions in Si02 only resonant excitation is allowed with emission peaks 

correspondingg to internal transitions within the 4/-electron core. Introduction 

off  Si-nc's (sample #2) allows indirect excitation over a broad wavelength range. 
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Figuree 8.2: Photoluminescence excitation spectra for samples with (#2) and with-

outout (#1) Si-nc's. The PL intensity at 1535 nm is plotted as a function of the 

excitationexcitation wavelength. See text for further explanation. 

Forr both samples, the PL intensity varies strongly with excitation density, as 

presentedd in Fig. 8.3. where the PL intensity (measured again at A = 1.53 //m) is 

shownn as a function of excitation density for photon flux up to 3 x 1025 cm s_ 1. 

Thee curves represent PL from: (a) SiC^Er (sample #1) excited at Aexc = 520 

nm;; (b) Si02:Si-nc,Er (sample #2) excited at Xexc — 520 nm. where indirect and 

directt excitation channels are possible, and (c) Si02:Si-nc,Er (sample #2) excited 

att Xexc = 510 nm (indirect excitation only). Trace (d) represents the difference 

betweenn the last two measurements and corresponds to the contribution of direct 

excitationn of Er in the presence of Si-nc's. Al l the measurements were performed 

withh the same experimental settings, so that the PL intensity scale is common 

forr all the data points. As can be seen, the indirectly excited Er3+ emission from 

SiC^Err (c) clearly saturates. This saturation level can be exceeded when also the 

directt excitation channel of the Er3+ ions is enabled by setting the OPO to Xexc 

==  520 nm - i.e. in trace (b). Apparently, when the indirect excitation channel 

saturates,, direct excitation, despite its much smaller cross section, gives a sizeable 

PLL contribution, which increases linearly with the flux - trace (d). Although not 
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shownn here, the decay characteristics of the Er-related PL signal from sample #2 

aree identical for Xexc — 510 nm and Xexc — 520 nm. i.e.. the decay characteristics do 

nott depend on the excitation mode. For completeness, it is interesting to observe 

thatt the weak PL band at A = 950 nm. corresponding to emission from Si-nc's 

(nott depicted) present in the PL spectrum of sample # 2, does not saturate and 

increasess linearly over the whole investigated photon-flux range. In the inset of 

Fig.. 8.3, a detail of the excitation spectra for samples #1 and #2 around \exc 

—— 520 nm is depicted. The measurements have been performed at the highest 

availablee photon flux of 3 x 1025 cm"2s_ 1. For SiC^iEr (sample #1), a strong peak 

att Xexc = 520 nm. corresponding to the resonant excitation into the 2H\\j2 state, 

iss clearly visible. In the presence of Si-nc's (sample #2 ), Er-related PL can be 

excitedd over a wide wavelength range; nevertheless a small peak appears for Xexc 

== 520 nm. It should be noted that the spectral width of the OPO is about 0.5 nm 

andd thus the measured broadening of the PL excitation line is not instrumental, 

butt reflects the physical width of the 4/i5/2 —  2-#ii/2 transition of an Er3+ ion. 

8.44 Discussion 

Too extract quantitative information from these measurements, we use a simple 

two-stagee model of Er34" excitation, where excitation and emission in the system 

aree described by the rate equations: 

^=**(N^=**(N ErEr-N*-N*ErEr)-^.)-^. (8.1) 

Heree NEr and NEr are the concentrations of optically active Er34" ions in the 

groundd and the excited state, respectively, a is the effective excitation cross section, 

<£>> is the photon flux, and r is the effective lifetime of the Er34" ion in the excited 

state.. In the present experiment, the duration of the OPO pulse (At = 5 ns) 

iss much shorter than the characteristic lifetime r of Er3+ in the excited state 

(At(At «C r ) . We may therefore assume that recombination does not take place 

duringg illumination, and only excited state population is built up. Within this 

approximation,, we can neglect the last term of Eq. (8.1) and determine the excited 

populationn obtained after the pulse At as: 

NNErEr(t(t = At) = JV£P[1 - exp(-<r$A*)I . (8.2) 

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

onn the flux: NEr(t) = a$NErAt. On the other hand, when a$At » 1, the 
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Figuree 8.3: Photon flux dependence of the PL intensity at A = 1535 nm. The 

followingfollowing data sets are displayed: (a) SiO-z'-Er sample excited at Xexc = 520 nm; 

(b)(b) SiOz'-Si-nc,Er sample excited at Xexc = 520 nm (indirect and direct excitation 

areare both enabled): (c) SiO%:Si-nc,Er sample excited at Xexc = 510 nm (indirect 

excitationexcitation only); (d) The difference of the last two data sets (b)-(c). corresponding 

toto PL due to direct Er excitation in the presence of Si-nc 's. 

exponentiall  term can be neglected, and we arrive at saturation: all available Er3+ 

ionss participating in the process become excited and N r̂ = Ngr. In order to 

comparee with experiment, we note that in the measurement the emission pulse is 

integratedd over time. Since the PL emission is proportional to NEr./Trat{, the result 

off  the measurement is NErT/Trad (time integral of an exponential decay). From 

Fig.. 8.3 we conclude that the intensity of PL from the Si02:Er. trace (a), shows a 

linearr dependence over the whole investigated flux range. The PL intensity is in 

thiss case given as: 

hio,hio, = o-NETAt$ . (8.3) 

Forr the Si02 system, the specific values of all parameters are known: o~(Aexc = 

5200 nm) = 2 x KT 20 cm2 [16], NEr = 2.2 x 1020 cm- 3 (all implanted ions are 

opticallyy active), and T/rrari = 1 (we assume that non-radiative processes are not 

takingg place in SiC^). Therefore, we can calculate the excited Er concentration cor-

respondingg to a given value of the PL intensity. In this way, the well-characterized 
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Si02:Err system is used to convert the PL intensity into the concentration of excited 

Err ions. This is shown in the upper part of the right hand vertical scale of Fig. 

8.3.. Although the PL intensity scale is common for all data sets in Fig. 8.3. the 

excitedd state population scale for sample #2 should be corrected for non-radiative 

recombinationn which is likely to appear upon introduction of Si-nc's. As discussed 

before,, the measured effective decay changes in this case by a factor 3.6. while only 

0.66 % shortening of the radiative decay time can be expected due to the effective 

refractivee index of the medium. We therefore conclude that the r/Trad ratio for 

samplee #2 is changed by a factor 3.6. (The outcoming PL emission is also affected 

byy the change of the refractive index, but this effect is negligible.) Consequently, 

thee excited state population in sample #2 has to be 3.6 times higher in order to 

givee a PL signal intensity equal to that of sample # 1. This correction is included 

inn the lower part of the right hand scale in Fig. 8.3. We now conclude that the PL 

saturationn observed for sample #2 corresponds to an excited Er3+ concentration 

off  about NMAX ~ 4.5 x 1017 cm- 3 , which means that only this erbium content can 

bee excited via nanocrystals {about 0.2 % of the nominal concentration). Trace (c) 

cann also be used to determine the effective excitation cross section a of the indirect 

excitationn channel introduced by Si-nc's. Fitting with Eq. (8.2) gives a value of 

aa — 3 x 10- 17 cm2 , similar as reported before [81. 87]. We note, that a can 

alsoo be estimated from the general formula for the excitation cross section of Er3+ 

inn crystalline silicon [64], leading to a similar value. This consistency validates a 

posterioriposteriori application of the simplified description of the excitation process by Eq. 

(8.1). . 

Onee may suspect that the observed limitation of the excitation process lies in 

thee short duration of the laser pulse (At % 5 ns). Such a situation is likely to arise 

if,, e.g., one nanocrystal activates many Er3+ ions while being unable to accumulate 

excitonss [83]. To investigate this possibility, we checked whether the high value of 

thee excitation cross section a and the limited concentration of Er3+ ions excitable 

viaa the Si-nc's, determined under pulsed pumping, can account also for the PL 

enhancementt observed under low-power continuous excitation. 

Inn the experiment conducted at room temperature, under low excitation density 

pumpingg with the 514.5 nm line of an Ar+ laser, we find that the Er PL intensity 

increasess about 65 times upon introduction of Si-nc. For a description of the 

excitationn process under continuous pumping, we resort again to Eq. (8.1), as 

commonlyy done. Under conditions of low-frequency modulated illumination with 

ann Ar + laser, a steady-state population of excited Er3+ is reached and the left side 

off  Eq. (8.1) becomes zero. The excited state concentration can now be evaluated 
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N i MM = ^¥TXNE'  ( 8 ' 4 ) 

Inn the low power regime of <rr<& <C 1, we arrive to a linear dependence of the PL 

intensityy on the photon flux: 

II = °TibNE' . (8.5) 
Trad Trad 

Forr the PL intensity ratio in the samples with and without Si-nc, we get 

lSi0lSi022:Si-nc,Er:Si-nc,Er O Si02:Si-nc,Er x ^MAXV lTrad > 

^Or.Er^Or.Er aSl0r.Er X N { r ^ ^ r J^^^ 
(8.6) ) 

wheree NMAX is the maximum Er population excitable via the nanocrystals, and 

NN is the total concentration of Er ions. If we consider that upon introduction 

off  Si-nc's the excitation cross section is increased by a factor of 4.3 x 103, the 

excitablee Er population is reduced to 0.2 %, and the ratio rjr ra^ is decreased by 

aa factor 3.6, then using Eq. (8.6) we find that sample #2 should give about 2.7 

timess more intense PL than the reference sample # 1. This is indeed observed in 

thee linear regime of pulsed excitation, where the Si-nc sensitized emission is about 

threee times stronger than the Si02:Er PL (see Fig. 8.2). 

Whenn the Ar + laser is used, we should take into account that the A = 514.5 

nmm line is not resonant with the 4/i5/2 —> 2# n /2 transition at 520 nm. From 

thee broadening of SiC^Er PLE line (Fig. 8.2), we conclude that the excitation 

crosss section at 514.5 nm is 10 times smaller than at 520 nm. It wil l influence 

thee PL intensity ratio in favor of Si-nc's: 1sio2.Si-nc,Er11Si02-Er ~ 30. Bearing in 

mindd the approximations made, we arrive to a very reasonable agreement with the 

experimentallyy obtained ratio of about 65. 

Inn the past, Si-nc induced enhancement of the Er3+ PL has been often compared 

underr semi-resonant excitation using the A = 488 nm line of an Ar + laser. Under 

thesee conditions, an increase by two orders of magnitude has been consistently 

reportedd [78, 80, 81]. In this case, for an intensity evaluation, we note that the 

directt excitation cross section at Xexc = 488 nm is much smaller than at Xexc — 

5200 nm [16]: The PLE signal of the SiC^Er sample at this wavelength is about 

300 times lower than at Xexc — 520 nm - see Fig. 8.2. From Eq. (8.6), we get: 

IsioIsio22:Si-nc/lsi02:Si-nc/lsi02 ~ 80, again in good agreement with the experimental findings. 

Wee therefore conclude that the PL saturation observed in Fig. 8.3- trace (b) for 

thee short-pulse excitation regime explains also the moderate increase (two orders 

onn magnitude) of the steady-state PL intensity observed in Si02:Si-nc,Er under low 

densityy cw excitation. While introduction of Si-nc's enables efficient non-resonant 
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excitationn of Er3+ ions in Si02. under pulsed pumping only a small proportion 

off  the ions available in the host can be excited in this way. We recall here that 

saturationn of Si-nc sensitized Er PL has also been reported for continuous mode 

pumpingg [92]. 

Thee introduction of Si-nc's also has another effect. Trace (d) in Fig. 8.3 

correspondss to the contribution from the directly excited Er3+ ions in the sample 

# 2.. The flux dependence of this emission is linear, like that for Si02:Er - trace (a), 

butt with a smaller slope. If the direct excitation cross section is assumed to be the 

samee in both samples, the slope difference implies a reduction of the concentration 

off  optically active Er ions. From this we conclude that introduction of Si-nc's 

renderss a sizeable percentage of Er3+ ions optically nonactive: in comparison to 

thee reference Si02:Er sample (#1). only 33 % of the Er can contribute to the PL, 

regardlesss of the excitation mode. 

8.55 Conclusion 

Inn conclusion, the current findings show that under pulsed pumping only a very 

limitedd number of the available Er3+ ions (0.2 % for the investigated sample) can 

bee excited by the efficient energy transfer path provided by doping of S i02 with 

Si-nc's.. At the same time, the major part of the Er3+ ions lose optical activity 

uponn introduction of Si-nc's and does not contribute to the PL even under reso-

nantt excitation. Therefore, sensitization of Er3+ PL with Si-nc's is most effective 

underr conditions of low pumping density. Future studies must show7 whether these 

apparentt limitations of the Si02:Er sensitization induced by Si-nc's can be sur-

passedd by careful engineering of the material. Here, especially the concentration 

ratioo between sensitizers and optically active Er3+ ions seems to be of crucial 

importance. . 


