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The presence of silicon nanocrystals in Er doped,Sgan enhance the effective Er optical
absorption cross section by several orders of magnitude due to a strong coupling between quantum
confined excitons and Er. This article studies the fundamental processes that determine the potential
of Si nanocrystals as sensitizers for use in Er doped waveguide amplifiers or lasers. Silicon
nanocrystals were formed in SjOusing Si ion implantation and thermal annealing. The
nanocrystal-doped SiOlayer was implanted with different doses of Er, resulting in Er peak
concentrations in the range 0.015-1.8 at.%. All samples show a broad nanocrystal-related
luminescence spectrum centered around 800 nm and a sharp Er luminescence line at 1536 nm. By
varying the Er concentration and measuring the nanocrystal and Er photoluminescence intensity, the
nanocrystal excitation rate, the Er excitation and decay rate, and the Er saturation with pump power,
we conclude that(a) the maximum amount of Er that can be excited via exciton recombination in

Si nanocrystals is 1-2 Er ions per nanocrystal,the Er concentration limit can be explained by

two different mechanisms occurring at high pump power, nam&lger de-excitationand
pair-induced quenching(c) the excitable Er ions are most likely located in an SliRe
environment, and have a luminescence efficienc§8%, and(d) at a typical nanocrystal
concentration of 1¥cm 3, the maximum optical gain at 1.54m of an Er-doped waveguide
amplifier based on Si nanocrystal-doped Si® ~0.6 dB/cm. © 2000 American Institute of
Physics[S0021-89780)06516-§

I. INTRODUCTION This energy transfer process could enable the fabrication
of an optical amplifier operating at 1.54m that is optically

Erbium-doped optical amplifiers are an important com-excited at pump intensities as low as a few milliwatts per

ponent in optical telecommunication networks. The operamillimeter squared. Additionally, it may be possible to excite

tion of these amplifiers relies on an optical transition ot Er  Er electrically by supplying electrical carriers to an Er and Si

at 1.54um, which is in the region of optimum transmission nanocrystal-doped SiQOlayer. However, little is known

of silica based glass fiber. The transition responsible for thabout a number of crucial parameters that determine the per-

1.54 um luminescence occurs within the partially filled 4 formance of such devices, such as the Er excitation effi-

shell of EP", which is electrically shielded from its sur- ciency, the Er luminescence efficiency, and the maximum Er

roundings by filled 5 and 5 shells. As a result of spin—spin concentration.

and spin—orbit interactions, thef 4hell can be optically ex- In our previous work® we have already shown that at

cited into several discrete energy levels, for example at 0.81high Er concentratioif1.8 at. % the Er excitation process is

0.98, and 1.54um. The optical cross sections for these tran-efficient (quantum efficiency>55%), while the excitable

sitions are small, typically on the order of 1#cn?, be- fraction of the Er is low. In the present article we report the

cause optical transitions between thé WKevels are parity Er concentration dependence of the optical properties of Si

forbidden. Consequently, rather high pump intensities ar@anocrystal-doped SO We show that the maximum con-

needed to reach population inversion, typically on the ordecentration of excitable Er in this materials0.02 at. %, and

of 1 kWi/cnt. propose mechanisms that could give rise to this concentra-
Several years ago, it was shown that Er incorporated iion maximum. Furthermore, we show that the Er lumines-

silicon-rich SiQ could also be excited outside of the®Er  cence efficiency is less than 18%. Finally, we show that the

optical absorption lines? The same effect was observed in maximum gain that can be obtained in this materiat-3.6

Er-doped porous silicoh; which consists of silicon nano- dB/cm at 1.54um.

clusters surrounded by a thin layer of SiCand more re-

cently in Si nanocrystal-doped Sj@ontaining EC~° It was

shown that the addition of Si nanocrystals to Er-doped,SiO !l EXPERIMENT

strongly enhances the effective Er absorption cross section. A 100 nm thick layer of SiQ was grown on a lightly

We have recently demonstrated that exciton recombinatiog_doped Si100) substrate by means of wet thermal oxida-
inside Si nanocrystals causes the excitation of Er through g, This layer was implanted with 35 keV Si to a dose of

strong coupling mechanisif. 6x10%cm™2. The implantation yields an approximately
Gaussian depth distribution of excess Si in the ,Sfiln,
3Electronic mail: Kik@amolf.nl with a peak concentration of 19 at. % at a depth of 45 nm.

0021-8979/2000/88(4)/1992/7/$17.00 1992 © 2000 American Institute of Physics



J. Appl. Phys., Vol. 88, No. 4, 15 August 2000 P. G. Kik and A. Polman 1993

12 d T T T 10 Y T T T T T T T v T
0 60 no Er
10 < 0l Si nanocrystals
g 40 8| s 12 .
I Er (x100)
- S20}
> 8 ©
s T 6fF -
0 " " " "

2 100 75 50 25 0 £
> 6 Depth (nm) E 2
° @ | )
g Si 5 4 0015 bulk Si
= | = |
£ 4r b 0.06
(=] 2
= 0.17

2r 7] 45

Er
b 0 L 1 X
0 L— L . : . TN | 0.6 0.8 1.0 1.2
0.8 1.2 1.6 2.0 Wave|ength (um)

Energy (MeV
ov ) FIG. 2. Photoluminescence spectra of Si nanocrystal-dopeg @iaining

FIG. 1. RBS measurement of Si nanocrystal-doped,Sifiplanted with different Er concentrations in the range of 0—-1.8 at. %, measured at 15 K
4.5x 10" Er/cn?, taken at a scattering angle of 96.2° usim 2 MeV He using a pump power of 1 mW at 458 nm.
beam. The surface energies of Er, Si, and O are indicated by the arrows. The
inset shows the corresponding Er and Si concentration profiles.
AgOCs photomultiplier tubéPMT), and in the range 1100—
1700 nm using a liquid-nitrogen cooled Ge detector. All
The samples were subsequently annealed at 1100 °C for Kpectra were corrected for the system response. Photolumi-
min in vacuum at a base pressure below ) "mbar, in  nescence decay traces were recorded using a multichannel
order to induce nucleation and growth of Si nanocrystalsphoton counting system in combination with the PMT and a
This treatment has been shown to produce Si nanocrystatigitizing oscilloscope in combination with the Ge detector.
with a diameter in the range of 2—5 ! Assuming a The system response for the two cases was 150 ns and
typical nanocrystal diameter of 3 nm-(10°> Si atoms, the 160 us, respectively. For all luminescence measurements
nanocrystal peak concentration is estimated to bahe samples were cooled to 15 K using a closed-cycle He
~10*cm™2 at the center of the SiOlayer. The samples cryostat.
were then implanted with different Er doses in the range
3.6xX10%-5.1x10°cm ™2 at a fixed energy of 125 keV. ||I. RESULTS AND DISCUSSION
These implants result in an approximately Gaussian Er deptR Photoluminescence versus Er concentration
distribution, with Er peak concentrations ranging from 0.015
to 1.8 at. % at a depth of 61 nm. A non-Er-implanted sample  Figure 2 shows a PL spectrum of an $i@llm doped
was kept as a reference. Figure 1 shows a Rutherford backvith Si nanocrystal$marked “no Er”). The sample shows a
scattering spectrometryRBS) measurement of a sample broad luminescence band peaking at 790 nm. We have pre-
containing 4.5 10" Er/cn? taken at a scattering angle of viously shown that this luminescence is caused by the radia-
96.2° using a 2.0 MeV He beam. The energies correspond- tive recombination of electron—hole paiexcitons confined
ing to erbium, silicon, and oxygen located at the samplewithin the Si nanocrystals: Due to quantum confinemét
surface are indicated. Note that the rise of the RBS signahe exciton luminescence appears at energies above the band
around 1.13 MeV is the combined effect of signal from oxy-gap energy of bulk S{1.17 eV at 15 K. The large spectral
gen at the sample surface and signal from silicon in the subwidth of the nanocrystal luminescence is the result of the
strate. The inset shows the Si and Er concentration profile ibroad nanocrystal size distributig@—5 nm diameter The
the SiQ layer as obtained from the RBS data. Note that thduminescence peak at 1.18n is caused by phonon-assisted
Er ions were implanted slightly deeper than the Siions.  electron—hole pair recombination in the Si substrate. Figure
All samples were annealed for 10 min in vacuum at2 also shows luminescence spectra for samples containing Er
1000 °C to remove implantation-induced damage. In order t@t various concentrations. The incorporation of 0.015 at. %
further reduce defect-related luminescence and to saturatér reduces the nanocrystal luminescence by more than a fac-
dangling bonds on the Si nanocrystal surface, a passivatingr two, and a luminescence peak appears at a wavelength of
anneal was performed at 780 °C for 30 min. in forming gas1.536um. This wavelength corresponds to the radiative tran-
(H,:N, at 1:9 at atmospheric pressure. sition from the first excited staté'l(;5,) to the ground state
PhotoluminescencéPL) spectra were measured using (*l,5,) of EF*. Increasing the Er concentration leads to a
the 458 nm line of an Ar laser as excitation source at a peafurther reduction of the nanocrystal luminescence intensity,
power of 1 mW in a~1 mn? laser spot. The laser beam was accompanied by an increase of the Er luminescence inten-
modulatedon—off at 11 Hz using an acousto-optical modu- sity. This behavior is consistent with the strong coupling
lator. The emitted light was passed through a grating monomodel® in which a nanocrystal becomes “dark” once it
chromator and detected using standard lock-in techniquesouples to a nearby Er ion. Increasing the Er concentration
Spectra were measured in the range 600—1150 nm usingtherefore increases the fraction of dark nanocrystals.
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FIG. 3. Integrated emission of the nanocrystal-related luminesd@cand Time (ms)

the Er-related luminescen¢®) on the same relative scale, measured at 15

K. The relative internal quantum efficiency of the Er excitation process isFIG. 4. Photoluminescence decay traces of the nanocrystal luminescence at

plotted on the right hand axis®). 750 nm for different Er concentrations in the range of 0—1.8 at. %, measured
at 15 K using 1 mW pump power at 458 nm. The pump is switched off at
t=0. The drawn lines represent stretched exponential decay-with0 ms
and 8=0.65.

Upon increasing the Er concentration, the nanocrystal
luminescence spectrum is first seen to shift to longer wave-
length, and then to shorter wavelength. This effect is related IQEx Per 1)
to the slight mismatch in the Er and Si implantation depth ®nc0) = e’

(see Fig. 1 We have shown in our previous wofkhat the yith ¢n{0) the nanocrystal-related emission at zero Er con-
long-wavelength emission originates from relatively largecentration. This IQE is depicted in Fig. 3 for all Er concen-
nanocrystals located at the center of the Si implanted regio’irations(@). The IQE first increases with Er concentration,
while the emission at short wavelength originates from relazng then saturates above 0.2 at. % Er. The fact that the inter-
tively s.maII napocry_stalsllocated in the tails of the S? CoN-pa| quantum efficiency reaches a fixed value at a high Er
centration profile. Since in the present work the Er is im-concentration confirms that the observed reduction in nano-
planted slightly deeper than the silicon, the incorporation Ofcrystal luminescence is caused by energy transfer to Er and
a small amount of Er will first affect thesmall nanocrystals not, for example, by the destruction of nanocrystals during
near the SiQ/Si interface, leading to a reduction in the emis- the jon implantation process. We conclude that the IQE of
sion at short wavelength. As the Er concentration is in-nanocrystals coupled to Er is essentially independent of the
creased, thelarge nanocrystals at the center of the $iO gr concentration. The relatively low efficiency at low Er
film are also affected, leading to a reduction in the emissiongncentration will be discussed further in Sec. Il F.

at large wavelength, as observed in Fig. 2. Using independent measurements of the nanocrystal and
Er excitation rates published previousfwe have shown
that at an Er concentration of 1.8 at. %, the E&&5%. The
observation in Fig. 3 that only 10% of the nanocrystal pho-
tons yield 1.54um photons then implies that the Er lumines-

) o ) ) cence efficiency from the first excited stajes,<18%. Im-
__The power conversion efficiency of potential optical am-jications of this observation will be discussed in Sec. 11l G.
plifiers or lasers making use of Er excitation via Si nano-

crystals will depend on the internal quantum efficieQI€YE) . o
of the energy transfer process, i.e., the efficiency with whic—: Nanocrystal luminescence lifetime versus Er
nanocrystals coupled to Er can generate excited Er. To dec_oncentratlon
termine the Er concentration dependence of the IQE, the in- Figure 4 shows nanocrystal luminescence decay traces
tensities in Fig. 2 were converted to photon flux and thertaken at 750 nm anidl=15 K for samples containing differ-
integrated over the nanocrystal emission spectrum and the Eent Er concentrations. In a sample containing no Er, the
emission spectrum, respectively. Figure 3 shows the thus olmanocrystal luminescence shows & lifetime of 2.0 ms.
tained nanocrystal related emissign(®) and Er related The decay is well described by stretched exponential decay
emissiongg,(O) on the same relative scale. At zero Er con-of the form|(t) =exp(— (t/7)?) with 7=2.0 ms and8=0.65
centrationgg,=0 and ¢,.=100. At the highest Er concen- (solid line). The same curve has been overlaid on all data in
tration ¢g,=9 and ¢,.=7, which indicates that nine Er- order to facilitate comparison between the different traces.
related photons are obtained at the cost of 93 nanocrystal- Incorporation of Er leads to a significant reduction of the
related photons. These values givestative measure of the nanocrystal luminescence intensity at 750 nm, as was already
concentration dependent IQE, since we do not know the Eobserved in Fig. 2. The decay time, however, varies only
and nanocrystal luminescence efficiencies. Thus we have slightly from sample to sample and no trend is observed with

B. Internal quantum efficiency versus Er
concentration
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luminescence at 750 nm, measured at 15 K using 5 mW excitation at
458 nm. FIG. 6. Photoluminescence intensity of the nanocrystal luminescence and

the Er luminescence as a function of pump power for samples containing
0.015 and 1.8 at. % Er, measured at 15 K using 458 nm pump lightit a

. . . . . mn? spot.
increasing Er concentration. The highest Er concentration " "*

sample shows a small initial fast decay, which is attributed to

luminescence from defects in the Sinatrix.'* decay timeryeca=1.30ms. This is somewhat shorter than
These lifetime measurements confirm the strongthe 14 times observed at a pump power of 1 mW, possibly

coupling modef;” which states that the Er induced intensity gue to exciton—exciton interactions or saturation of nano-

decrease in Fig. 2 is due to a reduction in the number Ofystals with a long lifetime. The @/rise timesr,ee are 0.47

luminescent nanocrystals. All remaining nanocrystal lumi-ang 0.56 ms for samples containing no Er and 1.8 at. % Er.

nescence therefore originates from nanocrystals that are not Tpe measuredss. and 7yecayCan be used to determine

coupled to Er, which show their intrinsic decay characterispe excitation rat®e.. If we model the luminescence at 750

tics. These nanocrystals are expected to be mostly locategh, py a two-level systenRe, is given by

near the sample surface where the Er concentration is rela-

tively low (see RBS data in Fig.)1 R+ L )
The fact that the nanocrystal luminescence decay time Trise  Tdecay

does not depend on the Er concentration has been observ?,ﬂis gives a nanocrystal excitation rate of 1360 at 750
previously by Franzet al” They explained their experimen- .nm in the sample containing no Er. Incorporation of 1.8 at. %

tal findings by e:jsiuSrglng _that ;he ljt?n;ct:)rystal—rflated Il;m;;; reduces the nanocrystal excitation rate to 1020 $he
nescence aroun nm 1S not emitted by quantum confine$so, o qyction in excitation rate is insufficient to explain the

excno.ns., t.JUt rather by. a Igmme'scent. center at theobserved twentyfold decrease of the nanocrystal lumines-
nc—Si/SiQ interface that is excited via optically generated ..o intensity at 750 nm upon incorporating 1.8 at.% Er
excitons. In this scenario, excitons can transfer their eNergyrig. 2). Hence the data cannot be described using the model

e|tget:qto sucth a dcentetr_otr to atn Er on, aftertlwh|ch t_he i: 'OErEroposed by Franzet al. The data can be described by the
and the center do ?do |nlerarc]_f. rc])nssqluen y,bvarymg he trong coupling modéf since this mechanism indeed leaves
concentration wollld only shift the balance between thes e luminescence characteristics of the luminescent nano-

two processes, and indeed leave the lifetime of the 750 nr8rystals, i.e., those which are not coupled to Er, unaffected.
luminescence unaffected. However, according to this model,

the reduction of the nanocrystal luminescence in Fig. 2D
should be accompanied by a reduction of the apparent nano-
crystal excitation rate Such a reduction is not observed, as  The data in Fig. 3 show a sublinear increase of the Er
will be shown below. intensity with concentration. This can be ascribed to the fact
The effect of Er on the nanocrystal excitation rate wasthat as the Er concentration is increased, the exciton concen-
measured by monitoring the time dependence of the 750 nrimation available for Er excitation is reduced. At sufficiently
luminescence while modulating the pump beam. Figure %igh pump power, however, the Er luminescence intensity is
shows normalized luminescence traces at 750 nm aftamo longer limited by the exciton concentration but rather by
switching the pump laser ofa) and off (b) for a sample the total amount of excitable Er. Therefore we can compare
containing no Erdoty and a sample containing an Er peak the total amount of excitable Er in samples with different Er
concentration of 1.8 at. %solid line). The applied pump concentrations by comparing Er luminescence intensities at
power was 5 mW at 458 nm. The defect related fast compohigh pump power.
nent(see Fig. 4 has been removed from the data to facilitate ~ Figure 6 shows the effect of pump power on the Er and
comparison. The nanocrystal luminescence decay charactaranocrystal luminescence intensity for samples containing
istics[Fig. 5(b)] are identical for the two samples, with &1/ 0.015 and 1.8 at. % Er, respectively. For both samples the

Er luminescence intensity versus pump power
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1200 ' ' ' " ' ' This increase is attributed to a concentration quenching ef-
B fect which is known to occur when rare earth ions are spaced
1000 | % C® Wie ’ closely enough to allow for energy exchange between neigh-
E— U __ boring ions. As a result, excitation energy can migrate
800} A 3 neighboring ions, which may in turn be coupled nonradia-
N v Vscay g tively to quenching sites, e.g., defects or OH groups present
g S00p, e % in the matrix. In a simple concentration quenching model the
& 400 12 o Er decay rate increases linearly with Er concentration, which
| o R [ is indeed observed in Fig. 7. By measuring the slope of the
200 | " 1s decay rate data in Fig. 7, we can estimateat the concen-
I 410 tration of quenching sites in the Er implanted Si nanocrystal-
0 N T — doped SiQ film is as low as 1&cm™ 3.
0.0 0.5 1.0 15 2.0

Data for the Er excitation ratB.,. calculated fromrge
and 7gecayUsing Eq.(2) are also shown in Fig. 70). At an
FIG. 7. Rise timegA) and decay time$V¥) of the 1.536um Er lumines-  Er concentration of 0.015 at. %, the Er excitation rate is 600
cence, measured at 15 K using a pump power of 1 mW at 458 nm, and th§™ 1, |ncreasing the Er concentration to 0.17 at. % reduces the
gl:.géctléaﬂ?;g?;e derived from these dd@). The drawn lines serve as a o citation rate by a factor of 2. A further increase of the Er

concentration has no effect on the excitation rate, even

though at these concentrations several Er ions might couple
nanocrystal luminescence intensity was scaled to coincidt® the same nanocrystal, which would reduce the excitation
with the low-power Er luminescence intensity. Below 20 rate per Er ion. Th_e fact thatsu'ch.areductlon is not obse_rved
uW the Er luminescence and the nanocrystal luminescenc@oWs that there is an upper limit to the number of Er ions
depend linearly on pump power. At these low pump poweréh_at ca_n_be excited by_a gln_gl_e nanocrystal. From the data in
the Er luminescence intensities from the two samples diffef19- 7 itis clear that this limit is reached at an Er concentra-
by a factor~2. Increasing the pump power produces a sublion <0.17 at. % Er, which |§ consistent V.Vlth the maximum
linear increase of the Er luminescence in both samples, sug/@lué of 0.1 at. % Er found in the preceding paragraph.
gesting that a significant fraction of the excitable Er is  From the measured Er excitation rate-6800 s at 1
brought into the first excited state. At a pump power of 50MW we can determine an effective absorption cross section
mW the nanocrystal luminescence continues to increas&err for the Er excitation process. We find thateg
while the Er luminescence intensity levels off. In this pump=~10 ‘°cn? at 458 nm, which is approximately a factor of
power regime the exciton generation rate is no longer thd® larger than what can be achieved using direct optical
limiting factor for the Er luminescence intensity. Neverthe-Pumping of the Er ions. This value is of the same order as a
less, the Er luminescence intensities for the two samples dypical Si nanocrystal absorption cross section at this
50 mW pump power differ by only a factor of 5, even though wavelengtht® confirming that a single nanocrystal can excite
the total amount of Er in the samples differs by more than @nly a limited number of Er ions. In fact, in our previous
factor of 100. work!® we measured both the Er excitation rate at 1.586

The above shows that the concentration of excitable ERNd the nanocrystal excitation rate at 750 nm in a sample
in the high concentratiori1.8 at. % sample is at most 5 containing 1.8 at. % Er, and found that the Er excitation rate
times higher than in the low concentratiqd.015 at.%  Was a factor~2 lower than the nanocrystal excitation rate.
sample. This suggest that the concentration of excitable Er i§his proves that in the high Er concentration limit a single
<0.1 at. %. The existence of such a concentration limit ishanocrystal can excite only 1-2 Er ions. This observation,
also observed in the Er excitation rate, as will be shown ifogether with the estimated nanocrystal concentration of
the following paragraph. 10*%cm 2, implies that the maximum excitable Er concen-
tration is approximately 0.02 at. %.

It is intriguing to note that the Er excitation rate in the
low concentration limit is approximately a factor of two
higher than in the high concentration limit. This suggests that

When the amount of Er coupled to a nanocrystal is in-increasing the Er concentration either increases the number
creased, the Er excitation rate per ion should reduce sincef excitable Er ions per nanocrystal from 1 to 2, or decreases
several Er ions then compete for the same exciton. In ordethe number of nanocrystals that can excite the same Er ion
to determine the concentration dependent Er excitation rat#om 2 to 1.
we performed rise time and decay time measurements of the The higher Er excitation rate at low concentration is also
Er luminescence at 1.536m. At the applied pump power of reflected in the pump power dependent Er luminescence in-
1 mW all samples show approximately exponential time detensity in Fig. 6. At high pump power, where the number of
pendencies. Figure 7 shows the measured rateSr ions determines the luminescence intensity, the intensity
Wiise=1/Tis( A) and Wecay=1/Tgecaf ¥) Obtained by expo-  from the high concentration sample is approximately 5 times
nential fitting of the data. higher than that from the low concentration sample. At low

The Er decay rate increases from 500 to 700 &s the  pump power, where the Er excitation rate is the limiting
Er peak concentration is increased from 0.015 to 1.8 at. %factor for the intensity, the intensity from the low concentra-

Er peak concentration (at.%)

E. The Er excitation and decay rate versus Er
concentration
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b tion rates. Figure 7 showed that at 1 mW pump power the Er
(@) (b) : excitation rate is relatively large at low Er concentrations.
Consequently, the internal quantum efficiency is expected to
be relatively low at low Er concentration, which is indeed
observed in Fig. 3.

G. The Er local environment

e e
The maximum Er lifetime in these Si hanocrystal-doped
l l SiO, films is approximately 2 ms, corresponding to a decay
- - o rate of 500 §%. This decay rate is much higher than the
r radiative decay rate in pure SjQwhich is ~50 s ! (Ref.
19). The relatively fast decay can be caused by two effects,
: namely by additional nonradiative decay/(,) or by an in-
SiO: SiO; creased radiative decay raté/(). We will now discuss the
influence of these two effects in our samples. From the mea-
FIG. 8. Schematic band diagram of Er and Si nanocrystal-dopedsBiw- — g;rements in Fig. 3 we find that the Er luminescence effi-
ing the process ofa) Auger de-excitation antb) pair-induced quenching. . . .
These processes can account for the observed Er concentration limit in §IENCY 7154~ 18% (see Sec. IllB. The luminescence effi-
nanocrystal-doped SiO Note that the Er energy levels represent collective CieNncy is given byz, s,=W, /(W,+W,,). Since we know
states of the Br 4f electrons, which are in fact well below the SiO that the total decay rat&/, +W,, is 500 st (Fig. 7, we
valence band edge. estimate that the Er radiative decay réte<90s . In fact,
we expect the radiative decay rate to be higher than in bulk
. . . . SiO, because of the presence of the Si substrate. If an ion is
tion sample is relatively higher by a facter2.5, as was laced sufficiently cl ¢ . ith a hiah refracti
expected from the higher excitation rate at low Er concenP'aced sutliciently Close 1o a region with a high retractive
tration. index its rad!atlve degay rate increases due to an increase of
the local optical density of statésDOS).%° We have calcu-
- o lated the LDOS as a function of depth in a 100 nm Siiln
F. Models describing the Er concentration limit on Si, and assuming a radiative lifetime in bulk $iaf 50
The existence of an upper limit to the amount of excit-S - We find thatW, increases smoothly from 50 5at the
able Er could indicate that there is a limit to the amount ofsample surface to 120§ near the SiQ/Si interface. This
optically activeEr that can be incorporated in this material. corresponds quite well with the radiative decay ratg
This may, for example, be caused by Er clustering or £rSi <90 s 1 obtained from our experiments. The fact that the
formation at the Si/Si@interface which would prevent the observed decay rates can be described using the radiative
Er from being in the 3- valence state. However, measure_“fetime in Sloz suggests that the excitable Er ions are not
ments on Er and Si nanocrystal-doped waveguides show l@cated inside the Si nanocrystals but in an SiRe envi-
strong EF " related absorptiof suggesting that a large frac- ronment near the nanocrystals.
tion of the Er is in the optically active state.
Alternatively, the observed concentration limit could be
an intrinsic property of the excitation process. The amount o
excitable Er will be low when the effective Er excitation In Sec. Il E it was found that the effective Er absorption
efficiency is influenced by the presenceentitedEr. Such a  cross sectiono; at 458 nm is approximately 16°cn?.
situation arises when the formation of an exciton near arThis large cross section could be used in Er-doped wave-
excited Er ion immediately leads t@) Auger de-excitation  guide lasers and amplifiers, in which population inversion is
in which the already excited Er ion transfers its energy to thaeached at low pump power. It is important to mention here
generated excitofFig. 8@)]. This process has been shown to that although all luminescence measurements in this article
occur in Er-doped bulk Sf After such Auger de-excitation were performed at 15 K, we have previously shéhat
the exciton can relax and subsequently excite an Er ion, efthe effective Er cross section is temperature independent up
fectively bringing the system back to the situation before theo at least 300 K.
exciton was formed(b) pair-induced quenchingAt suffi- In a Si nanocrystal sensitized optical amplifier based on
ciently high Er concentration, two excited Er ions can inter-the material studied in this article, the Er concentration
act yielding one Er ion in thél, state, which rapidly de- should be kept low since we have shown that orl§.02
cays to the first excited state, and one Er ion in the grounat. % Er can be simultaneously kept in the excited state. At
state[Fig. 8b)]. This cooperative upconversion effect usu- higher Er concentrations a large fraction of the Er will be in
ally produces a shortening of the Er decay rate at high pumghe ground state due to the processes discussed in Sec. Il F,
powers, which has not been observed. However, if the Er—BEwhich will result in significant losses at 1.54m. The maxi-
coupling is sufficiently strong, no effect on the lifetime is mum gain per unit lengthy,,.x that can be achieved in a
seen. This special case is usually called pair-induced quenchaveguide amplifier is given by, (dB/cm=4.34X 0,
ing. An interesting point to note is that both of these pro-XNg, with Ng, the Er concentration and,, the emission
cesses reduce the internal quantum efficiency at high excitaross section at 1.54um. Taking a typical valu@
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Tem=7%x10"%'cn? and the maximum Er concentration (2 mechanisms occurring at high pump power, namely Auger
X 10'°Er/en?) we find a maximum gain of 0.6 dB/cm. de-excitation and pair-induced quenching. The luminescent
In order to achieve net amplification at 1.54n, the Er  Er ions are most likely located in an Sidike environment
induced gain should overcome the intrinsic device lossed)ear the Si nanocrystals, and have a luminescence efficiency
including background absorption, scattering losses, and freg1.54<18%. Using the obtained parameters we can predict a

carrier absorption. The latter process deserves special attefpaximum optical gain of 0.6 dB/cm at 1.54m for a Si
tion because the presence of electron—hole pairs in the amfanocrystal sensitized Er-doped waveguide amplifier in
plification medium isrequiredfor the Er excitation process. SiO,, provided that free carrier absorption can be sup-
In free carrier absorption free electrons and holes are excitelressed.

higher in their respective energy bands by incoming photons.
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