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Exciton–erbium interactions in Si nanocrystal-doped SiO 2
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FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 3 May 2000; accepted for publication 18 May 2000!

The presence of silicon nanocrystals in Er doped SiO2 can 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 SiO2 using Si ion implantation and thermal annealing. The
nanocrystal-doped SiO2 layer 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,~b! the Er concentration limit can be explained by
two different mechanisms occurring at high pump power, namelyAuger de-excitationand
pair-induced quenching, ~c! the excitable Er ions are most likely located in an SiO2-like
environment, and have a luminescence efficiency,18%, and ~d! at a typical nanocrystal
concentration of 1019cm23, the maximum optical gain at 1.54mm of an Er-doped waveguide
amplifier based on Si nanocrystal-doped SiO2 is ;0.6 dB/cm. © 2000 American Institute of
Physics.@S0021-8979~00!06516-6#
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I. INTRODUCTION

Erbium-doped optical amplifiers are an important co
ponent in optical telecommunication networks. The ope
tion of these amplifiers relies on an optical transition of Er31

at 1.54mm, which is in the region of optimum transmissio
of silica based glass fiber. The transition responsible for
1.54 mm luminescence occurs within the partially filled 4f
shell of Er31, which is electrically shielded from its sur
roundings by filled 5s and 5p shells. As a result of spin–spi
and spin–orbit interactions, the 4f shell can be optically ex-
cited into several discrete energy levels, for example at 0
0.98, and 1.54mm. The optical cross sections for these tra
sitions are small, typically on the order of 10221cm2, be-
cause optical transitions between the 4f levels are parity
forbidden. Consequently, rather high pump intensities
needed to reach population inversion, typically on the or
of 1 kW/cm2.

Several years ago, it was shown that Er incorporated
silicon-rich SiO2 could also be excited outside of the Er31

optical absorption lines.1,2 The same effect was observed
Er-doped porous silicon,3,4 which consists of silicon nano
clusters surrounded by a thin layer of SiO2 , and more re-
cently in Si nanocrystal-doped SiO2 containing Er.5–9 It was
shown that the addition of Si nanocrystals to Er-doped S2

strongly enhances the effective Er absorption cross sec
We have recently demonstrated that exciton recombina
inside Si nanocrystals causes the excitation of Er throug
strong coupling mechanism.10

a!Electronic mail: Kik@amolf.nl
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This energy transfer process could enable the fabrica
of an optical amplifier operating at 1.54mm that is optically
excited at pump intensities as low as a few milliwatts p
millimeter squared. Additionally, it may be possible to exc
Er electrically by supplying electrical carriers to an Er and
nanocrystal-doped SiO2 layer. However, little is known
about a number of crucial parameters that determine the
formance of such devices, such as the Er excitation e
ciency, the Er luminescence efficiency, and the maximum
concentration.

In our previous work10 we have already shown that a
high Er concentration~1.8 at. %! the Er excitation process i
efficient ~quantum efficiency.55%!, while the excitable
fraction of the Er is low. In the present article we report t
Er concentration dependence of the optical properties o
nanocrystal-doped SiO2 . We show that the maximum con
centration of excitable Er in this material is;0.02 at. %, and
propose mechanisms that could give rise to this concen
tion maximum. Furthermore, we show that the Er lumine
cence efficiency is less than 18%. Finally, we show that
maximum gain that can be obtained in this material is;0.6
dB/cm at 1.54mm.

II. EXPERIMENT

A 100 nm thick layer of SiO2 was grown on a lightly
B-doped Si~100! substrate by means of wet thermal oxid
tion. This layer was implanted with 35 keV Si to a dose
631016cm22. The implantation yields an approximate
Gaussian depth distribution of excess Si in the SiO2 film,
with a peak concentration of 19 at. % at a depth of 45 n
2 © 2000 American Institute of Physics
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The samples were subsequently annealed at 1100 °C fo
min in vacuum at a base pressure below 331027 mbar, in
order to induce nucleation and growth of Si nanocrysta
This treatment has been shown to produce Si nanocry
with a diameter in the range of 2–5 nm.10,11 Assuming a
typical nanocrystal diameter of 3 nm (;103 Si atoms!, the
nanocrystal peak concentration is estimated to
;1019cm23 at the center of the SiO2 layer. The samples
were then implanted with different Er doses in the ran
3.631013– 5.131015cm22 at a fixed energy of 125 keV
These implants result in an approximately Gaussian Er de
distribution, with Er peak concentrations ranging from 0.0
to 1.8 at. % at a depth of 61 nm. A non-Er-implanted sam
was kept as a reference. Figure 1 shows a Rutherford b
scattering spectrometry~RBS! measurement of a samp
containing 4.531014Er/cm2 taken at a scattering angle o
96.2° using a 2.0 MeV He1 beam. The energies correspon
ing to erbium, silicon, and oxygen located at the sam
surface are indicated. Note that the rise of the RBS sig
around 1.13 MeV is the combined effect of signal from ox
gen at the sample surface and signal from silicon in the s
strate. The inset shows the Si and Er concentration profil
the SiO2 layer as obtained from the RBS data. Note that
Er ions were implanted slightly deeper than the Si ions.

All samples were annealed for 10 min in vacuum
1000 °C to remove implantation-induced damage. In orde
further reduce defect-related luminescence and to satu
dangling bonds on the Si nanocrystal surface, a passiva
anneal was performed at 780 °C for 30 min. in forming g
~H2:N2 at 1:9! at atmospheric pressure.

Photoluminescence~PL! spectra were measured usin
the 458 nm line of an Ar laser as excitation source at a p
power of 1 mW in a;1 mm2 laser spot. The laser beam wa
modulatedon–off at 11 Hz using an acousto-optical mod
lator. The emitted light was passed through a grating mo
chromator and detected using standard lock-in techniq
Spectra were measured in the range 600–1150 nm usi

FIG. 1. RBS measurement of Si nanocrystal-doped SiO2 implanted with
4.531014 Er/cm2, taken at a scattering angle of 96.2° using a 2 MeV He1

beam. The surface energies of Er, Si, and O are indicated by the arrows
inset shows the corresponding Er and Si concentration profiles.
10
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AgOCs photomultiplier tube~PMT!, and in the range 1100–
1700 nm using a liquid-nitrogen cooled Ge detector. A
spectra were corrected for the system response. Photol
nescence decay traces were recorded using a multicha
photon counting system in combination with the PMT and
digitizing oscilloscope in combination with the Ge detecto
The system response for the two cases was 150 ns
160 ms, respectively. For all luminescence measureme
the samples were cooled to 15 K using a closed-cycle
cryostat.

III. RESULTS AND DISCUSSION

A. Photoluminescence versus Er concentration

Figure 2 shows a PL spectrum of an SiO2 film doped
with Si nanocrystals~marked ‘‘no Er’’!. The sample shows a
broad luminescence band peaking at 790 nm. We have
viously shown that this luminescence is caused by the ra
tive recombination of electron–hole pairs~excitons! confined
within the Si nanocrystals.11 Due to quantum confinement12

the exciton luminescence appears at energies above the
gap energy of bulk Si~1.17 eV at 15 K!. The large spectra
width of the nanocrystal luminescence is the result of
broad nanocrystal size distribution~2–5 nm diameter!. The
luminescence peak at 1.13mm is caused by phonon-assiste
electron–hole pair recombination in the Si substrate. Fig
2 also shows luminescence spectra for samples containin
at various concentrations. The incorporation of 0.015 at
Er reduces the nanocrystal luminescence by more than a
tor two, and a luminescence peak appears at a waveleng
1.536mm. This wavelength corresponds to the radiative tra
sition from the first excited state (4I 13/2) to the ground state
(4I 15/2) of Er31. Increasing the Er concentration leads to
further reduction of the nanocrystal luminescence intens
accompanied by an increase of the Er luminescence in
sity. This behavior is consistent with the strong coupli
model,10 in which a nanocrystal becomes ‘‘dark’’ once
couples to a nearby Er ion. Increasing the Er concentra
therefore increases the fraction of dark nanocrystals.

he

FIG. 2. Photoluminescence spectra of Si nanocrystal-doped SiO2 containing
different Er concentrations in the range of 0–1.8 at. %, measured at 1
using a pump power of 1 mW at 458 nm.
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Upon increasing the Er concentration, the nanocry
luminescence spectrum is first seen to shift to longer wa
length, and then to shorter wavelength. This effect is rela
to the slight mismatch in the Er and Si implantation dep
~see Fig. 1!. We have shown in our previous work13 that the
long-wavelength emission originates from relatively lar
nanocrystals located at the center of the Si implanted reg
while the emission at short wavelength originates from re
tively small nanocrystals located in the tails of the Si co
centration profile. Since in the present work the Er is i
planted slightly deeper than the silicon, the incorporation
a small amount of Er will first affect the~small! nanocrystals
near the SiO2/Si interface, leading to a reduction in the em
sion at short wavelength. As the Er concentration is
creased, the~large! nanocrystals at the center of the SiO2

film are also affected, leading to a reduction in the emiss
at large wavelength, as observed in Fig. 2.

B. Internal quantum efficiency versus Er
concentration

The power conversion efficiency of potential optical a
plifiers or lasers making use of Er excitation via Si nan
crystals will depend on the internal quantum efficiency~IQE!
of the energy transfer process, i.e., the efficiency with wh
nanocrystals coupled to Er can generate excited Er. To
termine the Er concentration dependence of the IQE, the
tensities in Fig. 2 were converted to photon flux and th
integrated over the nanocrystal emission spectrum and th
emission spectrum, respectively. Figure 3 shows the thus
tained nanocrystal related emissionfnc(d) and Er related
emissionfEr(s) on the same relative scale. At zero Er co
centrationfEr50 andfnc5100. At the highest Er concen
tration fEr59 and fnc57, which indicates that nine Er
related photons are obtained at the cost of 93 nanocry
related photons. These values give arelative measure of the
concentration dependent IQE, since we do not know the
and nanocrystal luminescence efficiencies. Thus we hav

FIG. 3. Integrated emission of the nanocrystal-related luminescence~d! and
the Er-related luminescence~s! on the same relative scale, measured at
K. The relative internal quantum efficiency of the Er excitation proces
plotted on the right hand axis~L!.
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with fnc(0) the nanocrystal-related emission at zero Er c
centration. This IQE is depicted in Fig. 3 for all Er conce
trations~L!. The IQE first increases with Er concentratio
and then saturates above 0.2 at. % Er. The fact that the in
nal quantum efficiency reaches a fixed value at a high
concentration confirms that the observed reduction in na
crystal luminescence is caused by energy transfer to Er
not, for example, by the destruction of nanocrystals dur
the ion implantation process. We conclude that the IQE
nanocrystals coupled to Er is essentially independent of
Er concentration. The relatively low efficiency at low E
concentration will be discussed further in Sec. III F.

Using independent measurements of the nanocrystal
Er excitation rates published previously,10 we have shown
that at an Er concentration of 1.8 at. %, the IQE>55%. The
observation in Fig. 3 that only 10% of the nanocrystal ph
tons yield 1.54mm photons then implies that the Er lumine
cence efficiency from the first excited stateh1.54,18%. Im-
plications of this observation will be discussed in Sec. III

C. Nanocrystal luminescence lifetime versus Er
concentration

Figure 4 shows nanocrystal luminescence decay tra
taken at 750 nm andT515 K for samples containing differ
ent Er concentrations. In a sample containing no Er,
nanocrystal luminescence shows a 1/e lifetime of 2.0 ms.
The decay is well described by stretched exponential de
of the form I (t)5exp(2(t/t)b) with t52.0 ms andb50.65
~solid line!. The same curve has been overlaid on all data
order to facilitate comparison between the different trace

Incorporation of Er leads to a significant reduction of t
nanocrystal luminescence intensity at 750 nm, as was alre
observed in Fig. 2. The decay time, however, varies o
slightly from sample to sample and no trend is observed w

sFIG. 4. Photoluminescence decay traces of the nanocrystal luminescen
750 nm for different Er concentrations in the range of 0–1.8 at. %, meas
at 15 K using 1 mW pump power at 458 nm. The pump is switched of
t50. The drawn lines represent stretched exponential decay witht52.0 ms
andb50.65.
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increasing Er concentration. The highest Er concentra
sample shows a small initial fast decay, which is attributed
luminescence from defects in the SiO2 matrix.13

These lifetime measurements confirm the stro
coupling model,10 which states that the Er induced intens
decrease in Fig. 2 is due to a reduction in the number
luminescent nanocrystals. All remaining nanocrystal lum
nescence therefore originates from nanocrystals that are
coupled to Er, which show their intrinsic decay characte
tics. These nanocrystals are expected to be mostly loc
near the sample surface where the Er concentration is
tively low ~see RBS data in Fig. 1!.

The fact that the nanocrystal luminescence decay t
does not depend on the Er concentration has been obse
previously by Franzo` et al.9 They explained their experimen
tal findings by assuming that the nanocrystal-related lu
nescence around 750 nm is not emitted by quantum confi
excitons, but rather by a luminescent center at
nc–Si/SiO2 interface that is excited via optically generat
excitons. In this scenario, excitons can transfer their ene
either to such a center or to an Er ion, after which the Er
and the center do not interact. Consequently, varying the
concentration would only shift the balance between th
two processes, and indeed leave the lifetime of the 750
luminescence unaffected. However, according to this mo
the reduction of the nanocrystal luminescence in Fig
should be accompanied by a reduction of the apparent n
crystal excitation rate. Such a reduction is not observed,
will be shown below.

The effect of Er on the nanocrystal excitation rate w
measured by monitoring the time dependence of the 750
luminescence while modulating the pump beam. Figur
shows normalized luminescence traces at 750 nm a
switching the pump laser on~a! and off ~b! for a sample
containing no Er~dots! and a sample containing an Er pe
concentration of 1.8 at. %~solid line!. The applied pump
power was 5 mW at 458 nm. The defect related fast com
nent~see Fig. 4! has been removed from the data to facilita
comparison. The nanocrystal luminescence decay chara
istics @Fig. 5~b!# are identical for the two samples, with a 1e

FIG. 5. Photoluminescence rise~a! and decay traces~b! of the nanocrystal
luminescence at 750 nm, measured at 15 K using 5 mW excitatio
458 nm.
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decay timetdecay51.30 ms. This is somewhat shorter tha
the 1/e times observed at a pump power of 1 mW, possib
due to exciton–exciton interactions or saturation of na
crystals with a long lifetime. The 1/e rise timest rise are 0.47
and 0.56 ms for samples containing no Er and 1.8 at. %

The measuredt rise and tdecay can be used to determin
the excitation rateRexc. If we model the luminescence at 75
nm by a two-level system,Rexc is given by

1

t rise
5Rexc1

1

tdecay
. ~2!

This gives a nanocrystal excitation rate of 1360 s21 at 750
nm in the sample containing no Er. Incorporation of 1.8 at
Er reduces the nanocrystal excitation rate to 1020 s21. The
25% reduction in excitation rate is insufficient to explain t
observed twentyfold decrease of the nanocrystal lumin
cence intensity at 750 nm upon incorporating 1.8 at. %
~Fig. 2!. Hence the data cannot be described using the mo
proposed by Franzo` et al.. The data can be described by th
strong coupling model,10 since this mechanism indeed leav
the luminescence characteristics of the luminescent na
crystals, i.e., those which are not coupled to Er, unaffect

D. Er luminescence intensity versus pump power

The data in Fig. 3 show a sublinear increase of the
intensity with concentration. This can be ascribed to the f
that as the Er concentration is increased, the exciton con
tration available for Er excitation is reduced. At sufficient
high pump power, however, the Er luminescence intensit
no longer limited by the exciton concentration but rather
the total amount of excitable Er. Therefore we can comp
the total amount of excitable Er in samples with different
concentrations by comparing Er luminescence intensitie
high pump power.

Figure 6 shows the effect of pump power on the Er a
nanocrystal luminescence intensity for samples contain
0.015 and 1.8 at. % Er, respectively. For both samples

at
FIG. 6. Photoluminescence intensity of the nanocrystal luminescence
the Er luminescence as a function of pump power for samples contai
0.015 and 1.8 at. % Er, measured at 15 K using 458 nm pump light in a;1
mm2 spot.
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nanocrystal luminescence intensity was scaled to coin
with the low-power Er luminescence intensity. Below 2
mW the Er luminescence and the nanocrystal luminesce
depend linearly on pump power. At these low pump pow
the Er luminescence intensities from the two samples di
by a factor;2. Increasing the pump power produces a s
linear increase of the Er luminescence in both samples,
gesting that a significant fraction of the excitable Er
brought into the first excited state. At a pump power of
mW the nanocrystal luminescence continues to incre
while the Er luminescence intensity levels off. In this pum
power regime the exciton generation rate is no longer
limiting factor for the Er luminescence intensity. Neverth
less, the Er luminescence intensities for the two sample
50 mW pump power differ by only a factor of 5, even thou
the total amount of Er in the samples differs by more tha
factor of 100.

The above shows that the concentration of excitable
in the high concentration~1.8 at. %! sample is at most 5
times higher than in the low concentration~0.015 at. %!
sample. This suggest that the concentration of excitable E
,0.1 at. %. The existence of such a concentration limit
also observed in the Er excitation rate, as will be shown
the following paragraph.

E. The Er excitation and decay rate versus Er
concentration

When the amount of Er coupled to a nanocrystal is
creased, the Er excitation rate per ion should reduce s
several Er ions then compete for the same exciton. In o
to determine the concentration dependent Er excitation
we performed rise time and decay time measurements o
Er luminescence at 1.536mm. At the applied pump power o
1 mW all samples show approximately exponential time
pendencies. Figure 7 shows the measured r
Wrise51/trise(n) andWdecay51/tdecay(.) obtained by expo-
nential fitting of the data.

The Er decay rate increases from 500 to 700 s21 as the
Er peak concentration is increased from 0.015 to 1.8 at

FIG. 7. Rise times~n! and decay times~.! of the 1.536mm Er lumines-
cence, measured at 15 K using a pump power of 1 mW at 458 nm, an
Er excitation rate derived from these data~s!. The drawn lines serve as
guide to the eye.
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This increase is attributed to a concentration quenching
fect which is known to occur when rare earth ions are spa
closely enough to allow for energy exchange between ne
boring ions. As a result, excitation energy can migrate14 to
neighboring ions, which may in turn be coupled nonrad
tively to quenching sites, e.g., defects or OH groups pres
in the matrix. In a simple concentration quenching model
Er decay rate increases linearly with Er concentration, wh
is indeed observed in Fig. 7. By measuring the slope of
decay rate data in Fig. 7, we can estimate15 that the concen-
tration of quenching sites in the Er implanted Si nanocrys
doped SiO2 film is as low as 1018cm23.

Data for the Er excitation rateRexc calculated fromt rise

andtdecayusing Eq.~2! are also shown in Fig. 7~s!. At an
Er concentration of 0.015 at. %, the Er excitation rate is 6
s21. Increasing the Er concentration to 0.17 at. % reduces
excitation rate by a factor of 2. A further increase of the
concentration has no effect on the excitation rate, e
though at these concentrations several Er ions might co
to the same nanocrystal, which would reduce the excita
rate per Er ion. The fact that such a reduction is not obser
shows that there is an upper limit to the number of Er io
that can be excited by a single nanocrystal. From the dat
Fig. 7 it is clear that this limit is reached at an Er concent
tion ,0.17 at. % Er, which is consistent with the maximu
value of 0.1 at. % Er found in the preceding paragraph.

From the measured Er excitation rate of;300 s21 at 1
mW we can determine an effective absorption cross sec
seff for the Er excitation process. We find thatseff

'10215cm2 at 458 nm, which is approximately a factor o
106 larger than what can be achieved using direct opti
pumping of the Er ions. This value is of the same order a
typical Si nanocrystal absorption cross section at t
wavelength,16 confirming that a single nanocrystal can exc
only a limited number of Er ions. In fact, in our previou
work10 we measured both the Er excitation rate at 1.536mm
and the nanocrystal excitation rate at 750 nm in a sam
containing 1.8 at. % Er, and found that the Er excitation r
was a factor;2 lower than the nanocrystal excitation rat
This proves that in the high Er concentration limit a sing
nanocrystal can excite only 1–2 Er ions. This observati
together with the estimated nanocrystal concentration
1019cm23, implies that the maximum excitable Er conce
tration is approximately 0.02 at. %.

It is intriguing to note that the Er excitation rate in th
low concentration limit is approximately a factor of tw
higher than in the high concentration limit. This suggests t
increasing the Er concentration either increases the num
of excitable Er ions per nanocrystal from 1 to 2, or decrea
the number of nanocrystals that can excite the same Er
from 2 to 1.

The higher Er excitation rate at low concentration is a
reflected in the pump power dependent Er luminescence
tensity in Fig. 6. At high pump power, where the number
Er ions determines the luminescence intensity, the inten
from the high concentration sample is approximately 5 tim
higher than that from the low concentration sample. At lo
pump power, where the Er excitation rate is the limitin
factor for the intensity, the intensity from the low concentr

he
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tion sample is relatively higher by a factor;2.5, as was
expected from the higher excitation rate at low Er conc
tration.

F. Models describing the Er concentration limit

The existence of an upper limit to the amount of exc
able Er could indicate that there is a limit to the amount
optically activeEr that can be incorporated in this materia
This may, for example, be caused by Er clustering or Er2

formation at the Si/SiO2 interface which would prevent th
Er from being in the 31 valence state. However, measur
ments on Er and Si nanocrystal-doped waveguides sho
strong Er31 related absorption,17 suggesting that a large frac
tion of the Er is in the optically active state.

Alternatively, the observed concentration limit could
an intrinsic property of the excitation process. The amoun
excitable Er will be low when the effective Er excitatio
efficiency is influenced by the presence ofexcitedEr. Such a
situation arises when the formation of an exciton near
excited Er ion immediately leads to~a! Auger de-excitation,
in which the already excited Er ion transfers its energy to
generated exciton@Fig. 8~a!#. This process has been shown
occur in Er-doped bulk Si.18 After such Auger de-excitation
the exciton can relax and subsequently excite an Er ion,
fectively bringing the system back to the situation before
exciton was formed.~b! pair-induced quenching. At suffi-
ciently high Er concentration, two excited Er ions can int
act yielding one Er ion in the4I 9/2 state, which rapidly de-
cays to the first excited state, and one Er ion in the gro
state@Fig. 8~b!#. This cooperative upconversion effect us
ally produces a shortening of the Er decay rate at high pu
powers, which has not been observed. However, if the Er
coupling is sufficiently strong, no effect on the lifetime
seen. This special case is usually called pair-induced que
ing. An interesting point to note is that both of these p
cesses reduce the internal quantum efficiency at high ex

FIG. 8. Schematic band diagram of Er and Si nanocrystal-doped SiO2 show-
ing the process of~a! Auger de-excitation and~b! pair-induced quenching
These processes can account for the observed Er concentration limit
nanocrystal-doped SiO2 . Note that the Er energy levels represent collect
states of the Er31 4f electrons, which are in fact well below the SiO2

valence band edge.
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tion rates. Figure 7 showed that at 1 mW pump power the
excitation rate is relatively large at low Er concentration
Consequently, the internal quantum efficiency is expecte
be relatively low at low Er concentration, which is indee
observed in Fig. 3.

G. The Er local environment

The maximum Er lifetime in these Si nanocrystal-dop
SiO2 films is approximately 2 ms, corresponding to a dec
rate of 500 s21. This decay rate is much higher than th
radiative decay rate in pure SiO2 , which is ;50 s21 ~Ref.
19!. The relatively fast decay can be caused by two effe
namely by additional nonradiative decay (Wnr) or by an in-
creased radiative decay rate (Wr). We will now discuss the
influence of these two effects in our samples. From the m
surements in Fig. 3 we find that the Er luminescence e
ciency h1.54,18% ~see Sec. III B!. The luminescence effi-
ciency is given byh1.545Wr /(Wr1Wnr). Since we know
that the total decay rateWr1Wnr is 500 s21 ~Fig. 7!, we
estimate that the Er radiative decay rateWr,90 s21. In fact,
we expect the radiative decay rate to be higher than in b
SiO2 because of the presence of the Si substrate. If an io
placed sufficiently close to a region with a high refracti
index its radiative decay rate increases due to an increas
the local optical density of states~LDOS!.20 We have calcu-
lated the LDOS as a function of depth in a 100 nm SiO2 film
on Si, and assuming a radiative lifetime in bulk SiO2 of 50
s21, we find thatWr increases smoothly from 50 s21 at the
sample surface to 120 s21 near the SiO2/Si interface. This
corresponds quite well with the radiative decay rateWr

,90 s21 obtained from our experiments. The fact that t
observed decay rates can be described using the radi
lifetime in SiO2 suggests that the excitable Er ions are n
located inside the Si nanocrystals but in an SiO2-like envi-
ronment near the nanocrystals.

H. Device implications

In Sec. III E it was found that the effective Er absorptio
cross sectionseff at 458 nm is approximately 10215cm2.
This large cross section could be used in Er-doped wa
guide lasers and amplifiers, in which population inversion
reached at low pump power. It is important to mention he
that although all luminescence measurements in this ar
were performed at 15 K, we have previously shown10 that
the effective Er cross section is temperature independen
to at least 300 K.

In a Si nanocrystal sensitized optical amplifier based
the material studied in this article, the Er concentrati
should be kept low since we have shown that only;0.02
at. % Er can be simultaneously kept in the excited state.
higher Er concentrations a large fraction of the Er will be
the ground state due to the processes discussed in Sec.
which will result in significant losses at 1.54mm. The maxi-
mum gain per unit lengthgmax that can be achieved in
waveguide amplifier is given bygmax(dB/cm!54.343sem

3NEr with NEr the Er concentration andsem the emission
cross section at 1.54mm. Taking a typical value21
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sem57310221cm2 and the maximum Er concentration (
31019Er/cm3) we find a maximum gain of 0.6 dB/cm.

In order to achieve net amplification at 1.54mm, the Er
induced gain should overcome the intrinsic device loss
including background absorption, scattering losses, and
carrier absorption. The latter process deserves special a
tion because the presence of electron–hole pairs in the
plification medium isrequired for the Er excitation process
In free carrier absorption free electrons and holes are exc
higher in their respective energy bands by incoming photo
This process can occur at sub-bandgap energies and
therefore affect the 1.54mm transmission.

In bulk silicon free carrier absorption cross sections
1.54 mm are on the order of 10217cm2 ~Ref. 22!, which is
;104 times larger than the cross section for stimulated em
sion of Er at 1.54mm. Consequently, the exciton concentr
tion in an Er-doped optical amplifier should be at leas
factor 104 lower than the excited Er concentration. Th
means that at a typical nanocrystal pump rate of 103 s21 the
exciton lifetime should be well below 0.1ms. The achieve-
ment of net optical gain thus requires that the Er excitat
and the nonradiative processes listed in Sec. III F oc
within 0.1 ms. Furthermore, the concentration of nanocr
tals not coupled to Er should be kept low since they sho
room-temperature exciton lifetimes.10 ms. The above
shows that the achievement of optical gain requires car
optimization of the Er distribution. If the Er concentration
too low some nanocrystals will not be coupled to Er a
these will induce free carrier absorption. If the Er concent
tion is too high part of the Er cannot be excited which w
introduce loss at 1.54mm. These narrow concentration limit
suggest that stochastic methods for Er incorporation, suc
ion implantation and sputtering, are not desirable. A m
promising method would be chemical synthesis, in which
number of Er ions per nanocrystal can be accurately tun

In order to investigate the processes of optical gain
free carrier absorption in Er and Si nanocrystal-doped Si2 ,
we have recently fabricated optical waveguides using
nanocrystal-doped SiO2 as the guiding medium. In thes
structures, the index contrast with the SiO2 cladding is pro-
vided by the high-index Si nanocrystals. Preliminary tra
mission measurements on these samples show good op
mode confinement and clear Er related absorption
1.54mm.

IV. CONCLUSIONS

We have shown that the maximum amount of Er that c
be excited via exciton recombination in Si nanocrystals
1–2 Er ions per nanocrystal, corresponding to;0.02 at. %
Er. This observation can be explained by two differe
s,
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mechanisms occurring at high pump power, namely Au
de-excitation and pair-induced quenching. The luminesc
Er ions are most likely located in an SiO2-like environment
near the Si nanocrystals, and have a luminescence efficie
h1.54,18%. Using the obtained parameters we can predi
maximum optical gain of 0.6 dB/cm at 1.54mm for a Si
nanocrystal sensitized Er-doped waveguide amplifier
SiO2 , provided that free carrier absorption can be su
pressed.
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