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Silver as a sensitizer for erbium
C. Strohhöfer and A. Polmana)

FOM Institute for Atomic and Molecular Physics, Kruislaan 407 1098 SJ Amsterdam, The Netherlands

~Received 27 December 2001; accepted for publication 14 June 2002!

The photoluminescence of Er31 in borosilicate glass is strongly enhanced by the presence of silver.
Samples prepared by a combination of erbium ion implantation and Na1↔Ag1 ion exchange show
an increase of the Er31 excitation efficiency of up to a factor 70 when excited at 488 nm. Excitation
of Er31 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 Er31. 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 to Er31. © 2002 American Institute of Physics.
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The small absorption cross sections of rare earth i
such as erbium or neodymium have spawned numerou
tempts to increase these ions’ excitation efficiency. M
concepts rely on energy transfer from a species with a la
absorption cross section to the rare earth ion in question
the specific case of erbium, codoping with ytterbium~al-
though itself a rare earth ion, it has a reasonably high abs
tion cross section at 980 nm! has found its way into applica
tion in lasers and optical amplifiers for 1540 nm light,1,2 and
broadband sensitization in the visible via organic complex3

and silicon nanocrystals4 has been demonstrated.
We have turned our attention to photoluminescence

hancement effects that silver might have on Er31 in oxide
glass. Silver can be introduced easily to concentrations
several atomic percent into glasses via an ion excha
process,5 interchanging network modifiers of the glass lik
sodium or potassium and silver ions. This is a standard p
cess to fabricate waveguides for integrated optics. Sev
absorption and emission bands in the visible and ne
ultraviolet related to silver have been observed in glasse6,7

opening the possibility of energy transfer towards Er31.
Doping glasses with silver however gains an additio

dimension from the fact that nanometer-sized crystals ca
precipitated. Besides other interesting optical propert
such glass/metal nanocrystal composites exhibit large op
nonlinearities caused by enhanced local electric fields aro
the nanocrystals.8 Some evidence for the effect of this loc
field on the emission of Eu31 ions has been reported.9

We present investigations of borosilicate glass dop
with erbium by ion implantation and with silver by ion ex
change. By adjusting the doping procedure we are abl
fabricate samples with a high concentration of dissolved
ver and little to no silver nanocrystals, and samples whe
considerable amount of the silver aggregates into crystall
We observe a broad excitation band of the photolumin
cence of Er31 in the visible and near-ultraviolet, with lumi
nescence enhancements up to a factor of 70 at a pump w
length of 488 nm. We conclude that the excitation efficien
of Er31 is increased by energy transfer from Ag1 related
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centers rather than under the influence of silver nanocrys
The borosilicate glass substrates were 1 mm thick Sc

BK7 wafers. Silver was introduced by a Na1↔Ag1 ion ex-
change in a salt melt containing 5 mol % AgNO3 and 95
mol % NaNO3. The samples were left in the melt for 7 mi
at 310 °C. Erbium was implanted at an energy of 925 keV
a fluence of 3.131015 cm22 into the glass substrate at liqui
nitrogen temperature. Two samples were prepared combi
these two doping techniques. One was first implanted w
erbium and subsequently ion exchanged, while the other
derwent the ion exchange first, and the resulting Ag1 doped
glass was then implanted with erbium. The bombardmen
Ag1 doped glass with heavy ions, as in the latter case,
been shown to lead to the formation of silver nanocrystal10

For reference purposes, another glass sample was impla
with erbium under the same conditions, but did not unde
ion exchange. All samples were annealed in vacuum for
min at 350 °C.

The main difference between the samples prepared
ion exchange and ion implantation is the presence or abs
of silver in ionic or metallic form. From Rutherford back
scattering spectrometry we obtain a silver concentration
2.2 at. % in the sample first ion-exchanged then erbium
planted, and around 3 at. % for the sample implanted w
erbium before the ion exchange. These values are appr
mately constant up to a depth of around 600 nm. For co
parison, the erbium range for our implantations amounts
250 nm. We attribute the difference in Ag concentration b
tween the two samples to variations in the diffusivity of Ag1

ions caused by damage from the ion irradiation in the gla
While silver is present predominantly as Ag1 ions in the
sample implanted with erbium before ion exchange, irrad
tion with heavy ions after ion exchange leads to the agglo
eration of a considerable amount of the silver ions in meta
nanocrystals.10 Figure 1 compares the absorbance induced
the preparation of the two samples doped with silver a
erbium. The distinctive band peaking at 420 nm observed
the sample ion-implanted after ion exchange is caused by
surface plasmon resonance of the silver nanocrystals.
fraction of silver agglomerated in nanocrystals, as estima
from the strength of the absorption, is around 30%. T
4 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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sample that was ion exchanged after erbium implanta
shows an increased absorbance, rising towards shorter w
lengths, whose origin might be related to the ion exchang
similarly shaped, yet slightly lower, structure underlies t
surface plasmon band.

Figure 2 plots the emission spectra of the three sam
~including the reference sample containing no Ag! between
1400 and 1700 nm. The emission line is caused by tra
tions between the first excited state and the ground stat
Er31. It is identical for the three samples. While the lum
nescence of the sample without silver has been excited
488 nm radiation into the4F7/2 state of Er31, the samples
containing silver show strong photoluminescence even w
excited with 476 nm light, a wavelength at which Er31 does
not absorb. This is illustrated by the excitation spectrum
the sample doped with only erbium in Fig. 3~a!, measured
using the lines from the Ar1 laser. Only when excited at 515
488 and 360 nm, significant emission from Er31 around
1540 nm is observed. In contrast, Er31 can be excited over a
wide spectral range in both samples containing silver,
tending from the near ultraviolet to the red, as evident fr
Fig. 3~b! measured using a Xe lamp as the excitation sou
in combination with a monochromator with 20 nm spect
resolution for wavelength selection. Note the difference
the intensity scale between Figs. 3~a! and 3~b!, calibrated by
photoluminescence intensity measurements excited with
488 nm line of the Ar1 laser. The photoluminescence dec
rate measured at 1538 nm is 400 s21 for the sample doped
only with erbium, and 1000 s21 for the samples doped with
erbium and silver. This increased decay rate on doping w
silver is mainly caused by increased nonradiative
excitation of the first excited state of Er31. This is put into
evidence by the fact that Ag doping reduces the emiss
intensity at 1538 nm by more than a factor of two wh
excitation takes place into the Er31 4I 11/2 level at 980 nm. At
this wavelength, the sensitizing effect of silver on the em
sion from erbium is negligible, and the emitted intensity
determined exclusively by the ratio of radiative decay rate
total decay rate of the Er31 4I 13/2 level.

The shape of the excitation spectrum is identical for b
the sample that was ion exchanged after erbium implanta

FIG. 1. Absorbance of the samples doped with erbium and silver. The b
around 420 nm is caused by the plasmon resonance of silver nanocr
formed during erbium implantation into silver-containing glass. The d
were measured relative to an untreated reference glass slide.
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and the sample implanted with erbium after ion exchan
The intensity of the Er31 emission is however higher for th
sample that underwent the ion exchange after implantatio
erbium. This is the sample with both a higher silver conce
tration and more silver dispersed in ionic form in the gla
matrix, i.e., not aggregated to form silver nanocrystals. Si
the nanocrystals form predominantly in the region of t
glass around the range of the implanted erbium ions,
concentration of silver ions in the vicinity of erbium is re
duced by their precipitation. The emission intensity at 15
nm is enhanced by a factor of 20 and 70 for the samples
exchanged before and after implantation of erbium, resp
tively, when excited with 488 nm radiation. At 360 nm, th
emission intensity increases even by factors of 220 and
respectively.

nd
tals
a
FIG. 2. Spectra of Er31 emission in borosilicate glass doped with silver b
an ion exchange process~open symbols!. Note that the photoluminescenc
was excited at a wavelength which cannot be absorbed directly by E31.
The emission spectra are identical to the one obtained for Er31 in glass
without silver when excited to its4F7/2 state~solid squares!. The inset shows
the energy level scheme of Er31.

FIG. 3. Photoluminescence intensity at 1539 nm as a function of excita
wavelength for three different samples:~a! borosilicate glass doped with
erbium only;~b! erbium and silver doped borosilicate glass.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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The origin of the increase in emission intensity may
inferred from the excitation spectra and the absorbance
duced by the processing of the different samples, Figs. 3
1. Several conclusions can be drawn from these plots
contrast to the work by Hayakawa and co-workers,9 who
investigated the luminescence enhancement of Eu31 in
glasses containing silver nanoparticles, we can exclude
enhancement effects due to the surface plasmon resonan
silver nanoparticles as the dominant mechanism respon
for the increased luminescence from our samples. Suc
process does not change the position of the energy leve
Er31, and therefore the shape of the excitation spectrum
clear contrast to the observations presented in Fig. 3.
thermore, we can also exclude energy transfer from si
nanoparticles to erbium ions. The excitation spectrum d
not overlay the surface plasmon absorption, which there
cannot be the initial step in the excitation of Er31. Also the
fact that the sample containing silver nanocrystals exhibi
lower Er31 luminescence intensity than the one contain
no nanocrystals, points into the direction that nanocrystals
not lead to enhanced emission from Er31.

The spectral shape of the excitation spectra of
samples doped with silver does not match the spectrum
the absorption we believe to be induced by the ion excha
shown in Fig. 1. The absorbance spectrum does not appr
zero at 600 nm, as is clear from Fig. 1, while Er31 can hardly
be excited at that wavelength~cf. Fig. 3!. However, it can be
argued that a much weaker absorption than the one obse
in the sample ion exchanged after erbium implantation
sufficient to obtain the photoluminescence enhancement
for that sample. From considerations of the detection e
ciency of the photoluminescence measurement system
absorbance lower by five orders of magnitude would exp
the results reported in Fig. 3 for a conversion efficiency fro
absorbed pump photon to emitted photoluminescence ph
of 1. It therefore seems likely that the absorption that con
tutes the initial step in the excitation of Er31 is completely
hidden in Fig. 1 by a second, stronger absorption not lin
to Er31 excitation.

The shape of the silver-related band from where ene
transfer towards Er31 originates, can in our experiments on
be deduced from the excitation spectra. Several author6,11

have observed an absorption band in the spectral region
tween 300 and 450 nm in glasses containing high concen
tions of silver, and attributed it to pairs of silver ions/atom
Similar centers might be at the origin of the energy trans
to Er31. Assuming a concentration of ion pairs of 0.1 at.
We estimate the absorption cross section of the pairs to h
a value between 10219 and 10216 cm2, depending on the
quantum efficiency assumed. Although in the absence of
on the energy transfer efficiency, this estimate is very in
curate, its range spans three orders of magnitudes of abs
tion cross sections usually measured for metal ions in die
trics. With suitable diligence, it can therefore be seen
further indication that metal ions are at the origin of the lig
absorption.
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The absorption of Ag1 ions in glasses is generally foun
at wavelengths much shorter than the range covered by
measurements, and Ag1 is therefore unlikely to take part in
the excitation mechanism of Er31 reported here. Unlikely for
similar reasons is that the excitation takes place via the g
band edge, shifted to longer wavelengths owing to the in
duction of Ag1 into the glass. This displacement is usua
small for silver concentrations comparable to the ones in
samples.6

Finally, let us mention that sensitizing of Er31 emission
by codoping with silver is not restricted to doping by io
exchange. Samples into which silver was introduced by
implantation also showed the broad excitation band for
photoluminescence of Er31.

To summarize, the photoluminescence from Er31 around
1540 nm is strongly enhanced in borosilicate glass codo
with silver. An excitation efficiency as high as 70 times t
one of Er31 in the same glass without silver has been o
tained under excitation at 488 nm. For excitation at 360
the increase even amounts to 220. The excitation spectru
the visible is broadband and does not reproduce the erb
intra-4f absorption lines. There are indications that the ex
tation takes place via absorption at a defect related to a
of silver ions/atoms and energy transfer towards Er31. Fur-
thermore we can conclude that silver nanocrystals do
play a role in the enhancement of the Er31 photolumines-
cence in our samples, neither as origin of an enhanced l
field nor as absorption centers for a subsequent energy tr
fer.
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