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Field enhancement effect of small Ag particles on the fluorescence
from Eu 31-doped SiO 2 glass

Tomokatsu Hayakawa,a) S. Tamil Selvan, and Masayuki Nogami
Department of Materials Science and Engineering, Nagoya Institute of Technology, Gokiso, Showa,
Nagoya, Aichi 466-8555, Japan

~Received 26 August 1998; accepted for publication 14 January 1999!

We have investigated the effects of nanometer-sized silver particles on the optical properties of
Eu31 ions in SiO2 glass. Glass samples were prepared by the sol-gel method. The mean particle size
and volume fraction of silver particles, which were estimated from UV-VIS absorption spectra using
Mie-Drude theory modified by electron mean free path model, rapidly increased with the reduction
time of Ag1 up to;3 min at 900 °C. The fluorescence from Eu31 ions for the excitation by N2 laser
was greatly enhanced in the presence of silver particles of 4.3 nm size. Our experimental results
suggest that the origin of enhanced fluorescence is from local field enhancement around Eu31 ions,
owing to the surface plasmon resonance of small silver particles. ©1999 American Institute of
Physics.@S0003-6951~99!01311-X#
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Nanometer-sized ultrafine particles of metals and se
conductors have several intriguing properties including o
cal nonlinearity,1,2 specific heat3 and magnetism4 which dif-
fer from those of their bulk states. In the past decade, th
ultrafine particles have been studied extensively. There
wide variety of fabrication methods of glasses contain
ultrafine particles: melt quenching,5,6 sol-gel,7,8 ion
implantation,9,10 and sputtering.11 Much attention has bee
paid to the study of optical properties of nanometer-siz
particles dispersed in glass matrices from the viewpoint
scientific interest and their application. If such ultrafine p
ticles can be uniformly dispersed in a solid matrix, the s
bility of the particles increases and the solid can be hand
easily.

Recently, an active research has been focused on
optical properties of rare-earth ions in low dimensional se
conductors because of their potential application in optoe
tronics devices.12,13 It was suggested that excitation of rar
earth ions occurred through the recombination
photogenerated carriers confined in semiconductor nanoc
tals and subsequent energy transfer to rare-earth ion i
near the nanocrystal. On the other hand, the observatio
Raman scattering and fluorescence enhancements for
ecules adsorbed on or close to a rough metallic surface14,15

has encouraged the study of optical properties of compo
materials, such as Eu31-doped glass containing small silve
particles. In these systems, any significant influence of
metallic particles on the absorption and emission rates of
rare-earth ions should be primarily of electronic origin. Se
eral theoretical approaches have been proposed to des
the absorption and decay rates of molecular species in
presence of rough metallic surfaces and particles.16,17 The
electromagnetic mechanism can be viewed as an additi
interaction due to the high field gradients nearby the meta
particles, produced by plasmon excitations in the particle
the Mie resonance frequency. A basic interest in these c
posite materials is to see under what conditions the emis
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yield, which is a balance between emission and decay ra
can be optimized. In this letter, we report the enhancemen
fluorescence and the size dependence of Ag on the fluo
cence from Eu31-doped SiO2 glass containing small Ag par
ticles.

We prepared Eu31-doped SiO2 glass containing smal
Ag particles (Eu2O3:2 wt %, Ag:0.05 wt %! by the sol-gel
method. Si~OC2H5!4 was first partially hydrolyzed with a
mixed solution of H2O, C2H5OH, and HNO3 with a molar
ratio of 1:1:0.15 per mol of Si~OC2H5!4. After the solution
had been stirred for 1 h, a solution of Eu~NO3!3•6H2O and
Ag~NO3!, which were ultrasonically dissolved in C2H5OH,
was mixed with the solution. The resultant solution was h
drolyzed by adding the mixed solution of H2O, C2H5OH,
and HNO3. In this second hydrolysis reaction, the molar r
tio of H2O, C2H5OH, and HNO3 was maintained at 4:1:0.15
per mol of complex alkoxide. After being stirred for 15 mi
the solution was poured into a polystyrene container and
covered for;five days to form a stiff gel, and then drie
without the cover for;ten days at room temperature. Th
gels contain physically and chemically adsorbed water
organic compounds on the gel particle surfaces.

In order that the porous dried gels were transformed i
nonporous glasses, the dried gels were heat treated for 2 h at
900 °C. Upon heating in air, these gels shrank due to de
dration condensation of the hydroxyl groups and sinteri
which resulted in collapse of the pores. After cooling dow
to room temperature, the glasses were heat-treated und
flowing 20% H2-80% N2 mixed gas at 900 °C for 30 s-1
min ~see the insertion in Fig. 1!. The reduction atmospher
made the silver particles to be formed and to be grown
SiO2 glass. Sample thicknesses were;0.5 mm. The mean
particle size and the volume fraction of Ag particles we
estimated from UV-VIS absorption spectra using Mie-Dru
theory which was reconstructed by Doremus.18 Figure 1
shows the absorption spectra of our samples. Small Ag
ticle has a peak in the absorption spectrum around 394
due to a surface plasmon resonance of the spatially confi
electrons in the Ag particle. It can been seen that, with
3 © 1999 American Institute of Physics
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creasing reduction time, the intensity of the plasma osci
tion peak increased.

Classical light scattering theory by Mie19 and free elec-
tron theory by Drude20 well explain the characteristic absorp
tion peak due to the surface plasmon resonance. In the
equation the absorption coefficient is

a~v!5
9qn3v

c

ẽm2~v!

@ ẽm1~v!12n2#21 ẽm2~v!2 , ~1!

wheren, q, andẽm(5 ẽm11 i ẽm2) are the refractive index o
host material, the volume fraction of metallic particles, a
the dielectric function of the particle material. According
Drude’s free electron theory,ẽm is expressed by

ẽm~v!511 i
vp

2t

v~12 ivt!
, ~2!

wheret is the relaxation time, andvp5(Nee
2/e0m)1/2 is the

frequency of plasma oscillation (Ne , e, andm are the num-
ber, charge, and mass of electrons, respectively!. Doyle21 and
Kreibig et al.22 proposed that, for a spherical particle mu
smaller than the mean free path of the electrons in bulk
terial, l ` , the collisions of the conduction electrons with th
particle surfaces become important as an additional re
ation process and the effective mean free path,l, is restricted
by the particle size, 2 R. Thus, the relaxation timet can be
substituted for the collision time

tc52R/v f , ~3!

wherev f(51.393108 cm/s) is the Fermi velocity. Eventu
ally, we get from Eqs.~1! and ~2!, whenvtc@1

a~v!5
9qn3

c~112n2!

v2v r
2/tc

~v22v r
2!21~v r

2/vtc!
2 , ~4!

v r
25vp

2/~112n2!, ~5!

wherev r is the resonance frequency of the surface plasm
Under this approximation, the full width at half maximu
~FWHM! is given byDv1/2.1/tc , thus we can obtain the
following relationship:23

FIG. 1. Absorption spectra of Eu31, Ag1-doped SiO2 glass before and afte
the reduction process for Ag1 in H2-N2 mixed gas at 900 °C. The pea
around;394 nm is caused by the surface plasmon resonance of sma
particles~solid lines: experimental results, dotted lines: fitted curves!.
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2R5v f /Dv1/2. ~6!

The fitted results of surface plasmon peaks by the Mie-Dr
Eq. ~4! are included in Fig.1. Figure 2 shows the correlati
of the estimated mean Ag particle size and the volume fr
tion with the reduction time. It can be seen that, up to 3 m
the particle size, 2 R, and the volume fraction,q, rapidly
increased with increasing reduction time. On the contrary
10 min of the reduction time, the mean particle size d
creased. This decrease in Ag particle size indicated a br
down of the Mie-Drude theory, in which a shape size dis
bution and no interaction between particles were assume

Fluorescence spectra from Eu31 in the samples were
measured by an image-intensified charge coupled de
~ICCD! spectrum system~InstaSpec™ V system, ORIEL In
struments!. Both N2 laser and Dye laser~Rhodamine 6G!
were used as the excitation lights. The emission light was
to a monochromator through an optical fiber and detected
an ICCD camera. By adjusting the gate pulse width,Tw , for
the ICCD camera to a larger width than the lifetime of t
5D0 level, we could observe the fluorescence spectra
5D0→7F0,1,2,3, although in case of dye laser excitation
was not possible to separate the5D0→7F0 line from the
excitation light. Moreover, when the gate pulse width and
delay time were adequately controlled, a time resolved fl
rescence spectra could be measured. From the measure
under a condition ofTw510ms and delay step510ms, we
observed the time evolution of5D0→7F2 emission. The life-
time of 5D0 level was;1.4 ms for all samples. Figure
shows the integrated fluorescence intensities of5D0→7F2

transition, calibrated by the sample thicknesses, for each
citation by N2 laser~337 nm! and rhodamine 6 G dye laser
~578 nm! as a function of the reduction time. When Eu31 in
the sample was excited by N2 laser, the intensity had a max
mum around 30 s of the reduction time. On the other ha
the fluorescence intensity for the excitation by the dye las
I ex578, gradually decreased as the reduction time increa
This decrease in fluorescence intensity of the5D0→7F2 tran-
sition corresponds to the decrease in the number of Eu31 ions
because the dye laser directly excites Eu31 ions to the5D0

g
FIG. 2. Mean particle size, 2 R, and volume fraction,q, of small Ag par-
ticles, which were estimated from UV-VIS, absorption spectra using
Mie-Drude equation, as a function of the reduction time.
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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level. It is supposed that some of them were held in
particles as the impurities, and others were reduced to E21

in the reduction process of Ag1 ions. Here we take the ratio
of I ex337andI ex578, Ī 5I ex337/I ex578, which is proportional to
the fluorescence intensity per Eu31 ion. It is found that the
ratio Ī was twice greater than that in the absence of
particles. When the reduction time was longer than 1 m
the ratio decreased and such an enhancement was no
served,~see Table I!.

Malta et al.24 reported a diminution in fluorescence fro
Eu31 in the presence of small Ag particles using melt glas
containing Eu31 and small Ag particles, in which Ag par

FIG. 3. Fluorescence intensity of5D0→7F2 transition for each excitation by
N2 laser~337 nm! and Rhodamine 6 G dye laser~578 nm! as a function of
the reduction time.

TABLE I. Size dependence of Ag on the fluorescence from Eu31-doped
SiO2 glass containing small Ag particles.

Reduction time
~min!

Mean particle size
~nm!

Fluorescence

( Ī 5I ex337/I ex578)

0 ~No Ag particles! ¯ 0.26
0.5 4.02 0.59
1 4.34 0.66
2 4.54 0.45
5 5.08 0.23

10 4.42 0.36
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ticles were produced by x-ray irradiation. Furthermore, th
attempted to interpret their results from their theoreti
point of view,25 and proposed two possible mechanisms: o
is an energy transfer between Eu31 and Ag particle. The
other is a local field enhancement around Eu31 ions. They
insisted that whether the fluorescence from Eu31 was dimin-
ished or enhanced was dependent on the size of Ag part
and the lifetime of upper level in Eu31. As mentioned above
the lifetime of the5D0 level was almost the same for a
samples of the present investigation and the time respo
for a pulsed excitation of dye laser did not show any non
ponentiality. This implies that the most probable mechani
for the fluorescence enhancement in our results is the l
field enhancement around Eu31 ions, due to the induced sur
face plasmon resonance of small Ag particles.
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