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Strong exciton-erbium coupling in Si nanocrystal-doped SiO 5
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Silicon nanocrystals were formed in SiQsing Si ion implantation followed by thermal annealing.

The nanocrystal-doped Sj@ayer was implanted with Er to a peak concentration of 1.8 at. %. Upon
458 nm excitation the sample shows a broad nanocrystal-related luminescence spectrum centered
around 750 nm and two sharp Er luminescence lines at 982 and 1536 nm. By measuring the
excitation spectra of these features as well as the temperature-dependent intensities and
luminescence dynamics we conclude tteatthe Er is excited by excitons recombining within Si
nanocrystals through a strong coupling mechanigh), the Er excitation process at room
temperature occurs at a submicrosecond time sg@alexcitons excite Er with an efficiency55%,

and (d) each nanocrystal can have at mest excited Er ion in its vicinity. ©2000 American
Institute of Physicg.S0003-695(00)03517-9

Erbium-doped silica glass is used in optical telecommu-+ent with the model in Fig. ®), since in this model erbium
nication technology as an amplification medium. Thé'Er adds a nonradiative decay path for exciton recombination,
ions in the glass matrix exhibit a number of sharp emissiorwhich should lower the nanocrystal lifetimé&) The tem-
lines due to electronic transitions within the€ 4hell. The perature dependencéhe nanocrystal luminescence intensity
transition from the first excited state to the ground state ocand the Er luminescence intensity are thought to be propor-
curs at 1.53um, a standard wavelength in optical telecom-tional to the excited concentration of excitons. Nevertheless,
munication. Optical amplification at this wavelength can bein temperature dependent measureméntgie Er lumines-
achieved if sufficient Er can be brought into the first excitedcence intensity has repeatedly been observed to behave inde-
state. Unfortunately, the optical cross sections for the intraPendently of the nanocrystal luminescence intens8yThe
4f transitions are rather small, typically on the order ofe€xcitation efficiencyit is not known how efficiently the ex-
102 cn?. For this reason there is considerable interest irfiton energy can be transferred to E4) The excitable Er
sensitizing the Bf ions by adding a strongly absorbing spe- fraction: excitation via Si nanocrystals enhances the Er lumi-
cies that can transfer energy efficiently to Er. Examples ofl€Scence intensity, but it is not known which fraction of the
such sensitizers are the rare earth ion ytterfiand various ~ ET IS actually excitable. This knowledge is essential for the
organic dyeg. design of optical amplifiers and lasers based on Er and nano-

Recently, Fujiiet al. reported that the presence of Si crystal doped Si@ In this letter these four points will be

nanocrystals in Er-doped Sj@onsiderably enhances the ef- 2ddressed and resolved.
fective Er absorption cross sectidirollowing this observa- Silicon ions were implanted at 35 keV to a fluence of

6am-2 i ; ;
tion, a number of articles appeared that showed similar (810" cm™2 into a 100 nm thick Si@ layer that was
formed by wet thermal oxidation of a lightlB-doped

sults for samples prepared by means of cosputtéring, b h ol b i led
pyrolysis® and ion implantatiofi:” Although the exact struc- Si(100 substrate. The material was subsequently annealed at
100°C for 10 min in vacuum at a base pressure below 3

tural properties of the nanocrystals depend on the fabricatiol 10~ mbar. Thi dure is K i q I
method employed, all observations strongly suggest that erts mbar. ThiS procedure IS known 1o procuce Well pas-

. . . . _ 8 _
ergy is transferred from Si nanocrystals to the Er. A possibl 'Vatedd_S' nanocrystalf Iln the S|zet ra;nge 2 5irhe cor el
excitation model is shown in Fig.(8), which shows a sche- responding nhanocrystal concentration 1S - approximately

9 _ .
matic band diagram of SiQcontaining a Si nanocrystal and 10" nanocrystalsfcth The nanocrystal-doped region was
Er**. First a photon is absorbed by the nanocrystal, which

causes generation of an exciton inside the nanocrystal. This Sio, S
exciton can recombine radiatively, emitting a photon with an J— ® ‘
energy that depends on the nanocrystal size. If an Er ion is - X. ‘
present close to the nanocrystal, the exciton can recombine .

nonradiatively by bringing Er into one of its excited states.
Although the excitation model sketched in Figallis

often referred to, the following issues have not been solved:

(1) the lifetime paradox recently Franzeet al.” found that

the nanocrystal luminescence decay time is not affected by

the presence of Er. They argued that this would be inconsis=IG. 1. (a) Schematic Er excitation model, showing the electronic band
structure of Si nanocrystal-doped Si@nd the Er 4 energy levels. An
optically generated excitofdotted line confined in the nanocrystal can
dAuthor to whom correspondence should be addressed; electronic maitecombine and excite Et. (b) Schematic representation of Si€ontaining

Kik@amolf.nl Er (crosses and nanocrystalécircles. The nanocrystals that couple to Er
Ypresent address: California Institute of Technology, Pasadena, CA 9112%black circle3 show no exciton luminescence.
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FIG. 2. Photoluminescence spectra at 20, 60, 180, and 300 K showing &IG. 3. Luminescence decay measurements taken at (ot and at 300
broad nanocrystal spectrum in the range 0.6—dm, and two clear Er K (drawn lineg of: (a) nanocrystal luminescence at 750 nm abg Er*
luminescence lines at 982 and 1536 nm. luminescence at 1536 nm.

then implanted with 5.% 10'°Er/cn? at 125 keV, resulting nanocrystal luminescence intensity and the Er luminescence
in an Er peak concentration of 1.8 at% at a depth of 50 nmintensity increase by a factor of 2 when the excitation wave-
This material was annealed at 1000 °C in vacuum in order téength is decreased from 514 to 459 nm. We attribute this to
remove implantation-induced damage. To further reducéhe increasing nanocrystal optical absorption cross section
defect-related luminescence, the material was passivated ligr increasing photon energy, leading to a higher exciton
performing an anneal at 800 °C for 30 min in forming gasgeneration rate. It is tempting to conclude that the lumines-
(H,:N, at 1:9 at atmospheric pressure. cent nanocrystals are the nanocrystals that are responsible for
Photoluminescencd’L) spectra were measured using anthe Er excitation. This turns out not to be true, as will be
Ar laser at 457.9 nm as an excitation source. The excitatioshown below.
power was 1-10 mW in &1 mm diam laser spot. The laser In Fig. 2 it can be seen that increasing the temperature
beam was modulated at 11 Hz using an acousto-opticdfom 20 to 300 K first causes the nanocrystal luminescence
modulator. The PL was focused onto the entrance slit of a 960 increase by 16% and then to decrease by 75% upon going
cm monochromator and detected using standard lock-in teclirom 60 to 300 K. This kind of temperature dependence is
nigues. Luminescence spectra were measured in the 60CGzemmonly observed for Si nanocrystals, and can be fully
1150 nm range using a AgOCs photomultiplier tube, and irdescribed® by a model that takes into account the tempera-
the range 1100-1700 nm using a liquid nitrogen cooled Géure dependent population of the exciton singlet and triplet
detector. All spectra were corrected for the system responsstates(with low and high radiative decay rate, respectiyely
PL decay traces were recorded using either a photomultipliein competition with nonradiative processes. The Er lumines-
in combination with a photon counting system, or a Ge de<cence peak at 1.53am exhibits an entirely different tem-
tector in combination with a digitizing oscilloscope. The sys-perature dependence. The temperature increase only induces
tem response time in the two cases was 150 ns andu$60 spectral broadening due to the thermal redistribution over the
respectively. The sample temperature was controlled beStark levels, while the integrated intensity remains constant
tween 20 and 300 K using a closed-cycle He cryostat. within 10%. These observations contradict any model that
Figure 2 shows PL spectra taken at 20, 60, 180, and 30@irectly links the observed nanocrystal and Er luminescence
K at a pump power of 10 mW. At all temperatures a broadintensities
luminescence band is observed extending from 0.6 to 1.1 Figure 3 shows luminescence decay curves of the nano-
um, which is attributed to radiative recombination of exci- crystal luminescence at 750 nm and the Er luminescence at
tons inside Si nanocrystdisThe exciton luminescence ap- 1536 nm, measured at 15 and 300 K at a pump power of 1
pears at energies above the band gap energy of bulk Si duemoW. It is found that the nanocrystal decay rékeg. 3a)]
quantum confinemeritThe large spectral width of the nano- increases from 1.810° to 4.8x 10* s~ * upon going from 15
crystal luminescence is the result of the rather broad nande 300 K, which is consistent with the exciton singlet-triplet
crystal size distributiori2—5 nm diameter decay modef. The Er decay time at 1.536m [Fig. 3b)] is
Superimposed on the nanocrystal luminescence speéound to be 2.1 ms at all temperatures between 20 and 300
trum a relatively sharp peak is observed at 982 nm, correK, which implies that the Er luminescence efficiency is tem-
sponding to the*l;;,—*l 15, transition of EF*. Another  perature independent.
clear emission line is observed at a wavelength of 1536 nm, A consistent description of the observed temperature de-
corresponding to thé&l ;3,—*l 5, transition of EF". Photo-  pendencies can be obtained if we asswstreng coupling
luminescence excitation spectraot shown indicate that the between a Si nanocrystal and Er. If the energy transfer from
Er is not excited directly by absorption of pump photons, buta nanocrystal to Er is fast, we expect to see no luminescence
indirectly via an energy transfer process from Si nanocrysfrom a nanocrystal that is coupled to Er, since any generated
tals, as was shown befoté.” At a fixed pump power, the exciton will immediately recombine nonradiatively by excit-
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T T T T Nevertheless the observed Er excitation rate is close to that

@) i ™ ® ] of a single nanocrystal. This leads to the conclusion that a
11 1 single nanocrystal can effectively excite ontyl Er ion.

B 7 This behavior can be explained in the following way: if an

exciton is formed inside a nanocrystal which has just excited

- . one of the surrounding Er ions, the Er ion may decay nonra-

diatively through an Auger proce€sn which the exciton is

- . excited to higher energy. After thermal relaxation, the exci-

ton can recombine by exciting an Er ion. If the Auger pro-

- . cess is sufficiently fast, it will limit the amount of excitable

Er per nanocrystal to one.

The findings in this letter have important implications
Lo R ' for the design of nanocrystal-sensitized Er-doped lasers or
0 1 2 3 0 1 2 3 optical amplifiers operating at 1.54m. In these devices the
Time (ms) Time (ms) Er could be pumped efficiently using a broad range of pump

6. 4. Lumi e 4 ' At 5 mW wavelengths. It may also be possible to pump such a device
. 4. Luminescence rise time an ecay measurements al m pu . .
power at 15 K for:(a) nanocrystal luminescence at 750 nm &bl Er r%)y electr_lcally sugplyir;g electrons'and holes. At a nanocrys-
luminescence at 1536 nm. tal density of 16°cm™2 and 1 Er ion per nanocrystal, the
maximum gain of such a device will be 0.1 dB/cm, assuming
. . ~ a typical Er emission cross section ok30 ?cn?. Note
ing Er. Such fast transf%r might occur because at the higghat the highest maximum gain can be obtained when the
nanocrystal density~ 10*%cm?) the maximum distance be- sample preparation method is optimized to yield a high den-
tween an Er ion a_nd the_ nearest nanocrystaHS_”m- The sity of small nanocrystals. We have recently fabricated Er
Er luminescence intensity will then be determined by theyg i nanocrystal doped waveguides in Sid@ which the
product of the nanocrystal absorption cross section, which igyqex contrast is provided by the Si nanocrystals. The first
approximately temperature independent and the Er luminesneasurements on these devices show excellent mode con-
cence efficiency, which is also temperature independ&gt  finement and low optical losses. Optical gain measurements
3(b)]. ) ) on these samples are underway.

The fact that the Er luminescence is constant up to room | conclusion, we have shown evidence for strong cou-
temperature implies that the energy transfer to Er must occYjing between excitons and Er in Si nanocrystal-doped,SiO
well within the nanocrystal decay time at 300 K, which is 21 1he energy transfer takes place at a submicrosecond time
us. Consequently the transfer rate constant must be largegale. The exciton-to-Er energy transfer efficiency is larger

than ~10°s™* at room temperature. This fast transfer ex-than 559, and the maximum number of excitable Er ions
plains the paradox encountered by Fraetal, who found  5r0und a single nanocrystal is near unity.
that while the incorporation of Er does reduce the nanocrys-
tal luminescence, it does not affect the nanocrystal decay This work is part of the research program of the Foun-
time. This behavior is now expected, since in the strongdation for Fundamental Research on Matfe®M) and was
coupling case all observed nanocrystal luminescence origfinancially supported by the Netherlands Foundation for Sci-
nates from nanocrystals that do not couple to Er, whileentific ResearcHiNWO), the Dutch technology foundation
nanocrystals that do couple to Er show no luminescencdSTW), and the SCOOP program of the European Union.
This model is shown schematically in FigblL
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