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Silver as a sensitizer for erbium
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The photoluminescence of £rin borosilicate glass is strongly enhanced by the presence of silver.
Samples prepared by a combination of erbium ion implantation afid-Nag™ ion exchange show

an increase of the Ef excitation efficiency of up to a factor 70 when excited at 488 nm. Excitation

of Er*" is possible over a broad wavelength range in the near ultraviolet and visible. Our data
suggest that absorption of light occurs at a silver ion/atom pair or similar defect, followed by energy
transfer to Et". We can exclude that silver nanocrystals are part of the dominant excitation
mechanism, neither via local field enhancement effects due to their surface plasmon resonance nor
via absorption and subsequent energy transfer 6 .Er© 2002 American Institute of Physics.

[DOI: 10.1063/1.1499509

The small absorption cross sections of rare earth ionsenters rather than under the influence of silver nanocrystals.
such as erbium or neodymium have spawned numerous at- The borosilicate glass substrates were 1 mm thick Schott
tempts to increase these ions’ excitation efficiency. MosBK7 wafers. Silver was introduced by a Na-Ag™ ion ex-
concepts rely on energy transfer from a species with a largehange in a salt melt containing 5 mol% Agh@nd 95
absorption cross section to the rare earth ion in question. Imol % NaNGQ,. The samples were left in the melt for 7 min
the specific case of erbium, codoping with ytterbigal-  at 310 °C. Erbium was implanted at an energy of 925 keV to
though itself a rare earth ion, it has a reasonably high absorp fluence of 3.X 10'® cm™ 2 into the glass substrate at liquid
tion cross section at 980 nrhas found its way into applica- nitrogen temperature. Two samples were prepared combining
tion in lasers and optical amplifiers for 1540 nm lightand  these two doping techniques. One was first implanted with
broadband sensitization in the visible via organic compl&xeserbium and subsequently ion exchanged, while the other un-
and silicon nanocrystdlshas been demonstrated. derwent the ion exchange first, and the resulting Apped

We have turned our attention to photoluminescence englass was then implanted with erbium. The bombardment of
hancement effects that silver might have o ‘Ein oxide  Ag* doped glass with heavy ions, as in the latter case, has
glass. Silver can be introduced easily to concentrations dbeen shown to lead to the formation of silver nanocrystals.
several atomic percent into glasses via an ion exchangeor reference purposes, another glass sample was implanted
process, interchanging network modifiers of the glass like with erbium under the same conditions, but did not undergo
sodium or potassium and silver ions. This is a standard proon exchange. All samples were annealed in vacuum for 30
cess to fabricate waveguides for integrated optics. Severahin at 350 °C.
absorption and emission bands in the visible and near- The main difference between the samples prepared by
ultraviolet related to silver have been observed in gla&ses, jon exchange and ion implantation is the presence or absence
opening the possibility of energy transfer towardsEr of silver in ionic or metallic form. From Rutherford back-

Doping glasses with silver however gains an additionalscattering spectrometry we obtain a silver concentration of
dimension from the fact that nanometer-sized crystals can bg 2 at. % in the sample first ion-exchanged then erbium im-
precipitated. Besides other interesting optical propertiesplanted, and around 3 at. % for the sample implanted with
such glass/metal nanocrystal composites exhibit large opticrhium before the ion exchange. These values are approxi-
nonlinearities caused by enhanced local electric fields arounﬁﬁatew constant up to a depth of around 600 nm. For com-
the nanocrystal® Some evidence for the effect of this local parison, the erbium range for our implantations amounts to
field on the emission of B ions has been reportéd. 250 nm. We attribute the difference in Ag concentration be-

We present investigations of borosilicate glass dopegyeen the two samples to variations in the diffusivity of Ag
with erbium by ion implantation and with silver by ion ex- jons caused by damage from the ion irradiation in the glass.
change. By adjusting the doping procedure we are able tQynile silver is present predominantly as Agons in the
fabricate samples with a high concentration of dissolved S"'Sample implanted with erbium before ion exchange, irradia-
ver and little to no silver nanocrystals, and samples where ggn with heavy ions after ion exchange leads to the agglom-
considerable amount of the silver aggregates into crystallittgation of a considerable amount of the silver ions in metallic
We observe a broad excitation band of the photoluminespanocrystald® Figure 1 compares the absorbance induced by
cence of E¥" in the visible and near-ultraviolet, with lumi- the preparation of the two samples doped with silver and
nescence enhancements up to a factor of 70 at a pump wavgriym. The distinctive band peaking at 420 nm observed for
length of 45_38 nm. We conclude that the excitation efficiencyipq sample ion-implanted after ion exchange is caused by the
of EF is increased by energy transfer from Agelated  gface plasmon resonance of the silver nanocrystals. The
fraction of silver agglomerated in nanocrystals, as estimated
3Electronic mail: polman@amolf.nl from the strength of the absorption, is around 30%. The
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FIG. 1. Absorbance of the samples doped with erbium and silver. The band 1450 1500

around 420 nm is caused by the plasmon resonance of silver nanocrystals

formed during erbium implantation into silver-containing glass. The data L . .
were measured relative to an untreated reference glass slide. FIG. 2. Spectra of Ef emission in borosilicate glass doped with silver by
an ion exchange procegspen symbols Note that the photoluminescence

was excited at a wavelength which cannot be absorbed directly by. Er
sample that was ion exchanged after erbium implantatiorThe emission spectra are identical to the one obtained fdF Er glass

without silver when excited to it4 -, state(solid squares The inset shows

shows an increased absorbance, rising towards shorter wavgz energy level scheme of &t

lengths, whose origin might be related to the ion exchange. A

similarly shaped, yet slightly lower, structure underlies theand the sample implanted with erbium after ion exchange.
surfage plasmon band. . The intensity of the Ef" emission is however higher for the

_ Figure 2 plots the emission spectra of the three samplegy e that underwent the ion exchange after implantation of
(including the reference sam_ple. con.tam!ng no) Agtween erbium. This is the sample with both a higher silver concen-

1_400 and 1700 nm. The emission line is caused by transiaion and more silver dispersed in ionic form in the glass

tions between the first excited state and the ground state (?ltlatrix, i.e., not aggregated to form silver nanocrystals. Since

the nanocrystals form predominantly in the region of the

Er*. It is identical for the three samples. While the lumi-
nescence of the sample without silver has been excited WitBIass around the range of the implanted erbium ions, the
concentration of silver ions in the vicinity of erbium is re-

488 nm radiation into théF -, state of E¥*, the samples
containing silver show strong photoluminescence even wWhep,ceq py their precipitation. The emission intensity at 1540
nm is enhanced by a factor of 20 and 70 for the samples ion

excited with 476 nm light, a wavelength at which®’Erdoes
rexchanged before and after implantation of erbium, respec-

not absorb. This is illustrated by the excitation spectrum fo
the sample doped with only erbium in Fig(a3 measured tively, when excited with 488 nm radiation. At 360 nm, the
' emission intensity increases even by factors of 220 and 55,

using the lines from the Ar laser. Only when excited at 515

488 and .360 nm, significant emission from3Eraround respectively.
1540 nm is observed. In contrast?Ercan be excited over a
wide spectral range in both samples containing silver, ex-
tending from the near ultraviolet to the red, as evident from
Fig. 3(b) measured using a Xe lamp as the excitation source )
in combination with a monochromator with 20 nm spectral
resolution for wavelength selection. Note the difference in
the intensity scale between FiggaBand 3b), calibrated by
photoluminescence intensity measurements excited with the
488 nm line of the A laser. The photoluminescence decay
rate measured at 1538 nm is 400" or the sample doped
only with erbium, and 1000°¢ for the samples doped with
erbium and silver. This increased decay rate on doping with
silver is mainly caused by increased nonradiative de-
excitation of the first excited state of £r. This is put into
evidence by the fact that Ag doping reduces the emission 4
intensity at 1538 nm by more than a factor of two when
excitation takes place into the Erl 1, level at 980 nm. At ] Er implanted
this wavelength, the sensitizing effect of silver on the emis- 0.00 — —
sion from erbium is negligible, and the emitted intensity is 350 400 450 500 550 600 850
determined exclusively by the ratio of radiative decay rate to Excitation wavelength (nm)

4
total decay rate of the ET ! 13/2 level. - . FIG. 3. Photoluminescence intensity at 1539 nm as a function of excitation
The shape of the excitation spectrum is identical for bOtIh\NaveIength for three different sample®) borosilicate glass doped with

the sample that was ion exchanged after erbium implantatiogrbium only;(b) erbium and silver doped borosilicate glass.
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The origin of the increase in emission intensity may be  The absorption of Ag ions in glasses is generally found
inferred from the excitation spectra and the absorbance imat wavelengths much shorter than the range covered by our
duced by the processing of the different samples, Figs. 3 anaheasurements, and Ags therefore unlikely to take part in
1. Several conclusions can be drawn from these plots: ithe excitation mechanism of £r reported here. Unlikely for
contrast to the work by Hayakawa and co-workessho  similar reasons is that the excitation takes place via the glass
investigated the luminescence enhancement of"Ein band edge, shifted to longer wavelengths owing to the intro-
glasses containing silver nanoparticles, we can exclude fielduction of Ag" into the glass. This displacement is usually
enhancement effects due to the surface plasmon resonancesohall for silver concentrations comparable to the ones in our
silver nanoparticles as the dominant mechanism responsibeampleg.
for the increased luminescence from our samples. Such a Finally, let us mention that sensitizing of Hr emission
process does not change the position of the energy levels tfy codoping with silver is not restricted to doping by ion
Er*, and therefore the shape of the excitation spectrum, ixchange. Samples into which silver was introduced by ion
clear contrast to the observations presented in Fig. 3. Fuimplantation also showed the broad excitation band for the
thermore, we can also exclude energy transfer from silvephotoluminescence of Ef.
nanoparticles to erbium ions. The excitation spectrum does To summarize, the photoluminescence from'Earound
not overlay the surface plasmon absorption, which thereford540 nm is strongly enhanced in borosilicate glass codoped
cannot be the initial step in the excitation of’Er Also the  with silver. An excitation efficiency as high as 70 times the
fact that the sample containing silver nanocrystals exhibits ane of EF* in the same glass without silver has been ob-
lower EP" luminescence intensity than the one containingtained under excitation at 488 nm. For excitation at 360 nm
no nanocrystals, points into the direction that nanocrystals dthe increase even amounts to 220. The excitation spectrum in
not lead to enhanced emission front Er the visible is broadband and does not reproduce the erbium

The spectral shape of the excitation spectra of thentra-4f absorption lines. There are indications that the exci-
samples doped with silver does not match the spectrum dhtion takes place via absorption at a defect related to a pair
the absorption we believe to be induced by the ion exchangef silver ions/atoms and energy transfer toward$'EfFur-
shown in Fig. 1. The absorbance spectrum does not approathermore we can conclude that silver nanocrystals do not
zero at 600 nm, as is clear from Fig. 1, whileErcan hardly ~ play a role in the enhancement of the*Emhotolumines-
be excited at that wavelengtbf. Fig. 3. However, it can be cence in our samples, neither as origin of an enhanced local
argued that a much weaker absorption than the one observéidld nor as absorption centers for a subsequent energy trans-
in the sample ion exchanged after erbium implantation ider.
sufficient to obtain the photoluminescence enhancement seen ) )
for that sample. From considerations of the detection effi- 1he authors would like to thank Ed Vlietstra from the

ciency of the photoluminescence measurement system, dniversity of Utrecht for the transmission measurements.
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