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Field enhancement effect of small Ag particles on the fluorescence
from Eu 3*-doped SiO , glass
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We have investigated the effects of nanometer-sized silver particles on the optical properties of
Ew®' ions in SiQ 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 Ag" up to~3 min at 900 °C. The fluorescence from*tuons for the excitation by Naser

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 ardtiohEu

owing to the surface plasmon resonance of small silver particles1989 American Institute of
Physics[S0003-695099)01311-X]

Nanometer-sized ultrafine particles of metals and semiyield, which is a balance between emission and decay rates,
conductors have several intriguing properties including opti-can be optimized. In this letter, we report the enhancement of
cal nonlinearity*? specific heatand magnetisthwhich dif-  fluorescence and the size dependence of Ag on the fluores-
fer from those of their bulk states. In the past decade, theseence from Eti-doped SiQ glass containing small Ag par-
ultrafine particles have been studied extensively. There is #cles.
wide variety of fabrication methods of glasses containing We prepared Eli-doped SiQ glass containing small
ultrafine  particles: melt quenchifd, sol-gel/® ion  Ag particles (EgOs:2wt%, Ag:0.05 wt% by the sol-gel
implantation?® and sputtering! Much attention has been method. SIOC,Hs), was first partially hydrolyzed with a
paid to the study of optical properties of hanometer-sizednixed solution of HO, C,;HsOH, and HNQ with a molar
particles dispersed in glass matrices from the viewpoint ofatio of 1:1:0.15 per mol of $DC,Hs),. After the solution
scientific interest and their application. If such ultrafine par-had been stirred for 1 h, a solution of @lD3)5-6H,0 and
ticles can be uniformly dispersed in a solid matrix, the sta-Ag(NO;), which were ultrasonically dissolved in,8;0H,
bility of the particles increases and the solid can be handledias mixed with the solution. The resultant solution was hy-
easily. drolyzed by adding the mixed solution of,@8, CHsOH,

Recently, an active research has been focused on théhd HNQ, In this second hydrolysis reaction, the molar ra-
optical properties of rare-earth ions in low dimensional semitio of H,0, C,H;OH, and HNQ was maintained at 4:1:0.15
conductors because of their potential application in optoelecper mol of complex alkoxide. After being stirred for 15 min,
tronics devices>*® It was suggested that excitation of rare- the solution was poured into a polystyrene container and left
earth ions occurred through the recombination ofcovered for~five days to form a stiff gel, and then dried
photogenerated carriers confined in semiconductor nanocrygyithout the cover for~ten days at room temperature. The

tals and subsequent energy transfer to rare-earth ion in @els contain physically and chemically adsorbed water and
near the nanocrystal. On the other hand, the observation erganic Compounds on the ge| partic]e surfaces.

Raman scattering and fluorescence enhancements for mol-  |n order that the porous dried gels were transformed into

ecules adsorbed on or close to a rough metallic sutfdte _nonporous glasses, the dried gels were heat treate?lficat

has encouraged the study of optical properties of compositgop °C. Upon heating in air, these gels shrank due to dehy-
materials, such as Birdoped glass containing small silver gration condensation of the hydroxyl groups and sintering,
particles. In these systems, any significant influence of thyhich resulted in collapse of the pores. After cooling down
metallic particles on the absorption and emission rates of thgy room temperature, the glasses were heat-treated under a
rare-earth ions should be primarily of electronic origin. Sev-fiowing 20% H-80% N, mixed gas at 900°C for 30 s-10
eral theoretical approaches have been proposed to descriRgn (see the insertion in Fig.)1The reduction atmosphere
the absorption and decay rates of molecular species in th@ade the silver particles to be formed and to be grown in
presence of rough metallic surfaces and partitiéé.The Si0, glass. Sample thicknesses werd.5 mm. The mean
electromagnetic mechanism can be viewed as an additionghticle size and the volume fraction of Ag particles were
interaction due to the high field gradients nearby the metallig.stimated from UV-VIS absorption spectra using Mie-Drude
particles, produced by plasmon excitations in the particles %eory which was reconstructed by DoremfisFigure 1

the Mie resonance frequency. A basic interest in these comspows the absorption spectra of our samples. Small Ag par-

posite materials is to see under what conditions the emissiofjje has a peak in the absorption spectrum around 394 nm

due to a surface plasmon resonance of the spatially confined
¥Electronic mail: hayatomo@mse.nitech.ac.jp electrons in the Ag particle. It can been seen that, with in-
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FIG. 1. Absorption spectra of Bti, Ag*-doped SiQ glass before and after

the reduction process for Agin H,-N, mixed gas at 900 °C. The peak F|G, 2. Mean particle size, 2 R, and volume fractignof small Ag par-

around~394 nm is caused by the surface plasmon resonance of small Agicles, which were estimated from UV-VIS, absorption spectra using the
particles(solid lines: experimental results, dotted lines: fitted curves Mie-Drude equation, as a function of the reduction time.

creasing reduction time, the intensity of the plasma oscilla- 2R=v{/Aw;. (6)

tion peak increased. The fitted results of surface plasmon peaks by the Mie-Drude

Classical light scattering thgory by M?eand_ frge elec- Eq. (4) are included in Fig.1. Figure 2 shows the correlation
tron theory by Drud® well explain the characteristic absorp- ; ) ;
of the estimated mean Ag particle size and the volume frac-

tion k to th rf lasmon resonance. In the Mi . o .
on pea due to € surtace plasmon resonance € t(laon with the reduction time. It can be seen that, up to 3 min,
equation the absorption coefficient is

the particle size, 2 R, and the volume fractiap, rapidly
agniw Em(w) increased with increasing reduction time. On the contrary, at
C  [Em(o)+2n22+%m(w)?’ @ 10 min of the reduction time, the mean particle size de-
o . . creased. This decrease in Ag particle size indicated a break-
wheren, g, .andem(z em1+|em2)_are the refra}ctIve mdex of  down of the Mie-Drude theory, in which a shape size distri-
host material, the volume fraction of metallic particles, andy,ion and no interaction between particles were assumed.
the dielectric function of th(::: pgrtlcle material. According to Fluorescence spectra from Euin the samples were
Drude’s free electron theor¥y, is expressed by measured by an image-intensified charge coupled device
~ _ "’ST (ICCD) spectrum systerfinstaSpec™ V system, QRIEL In-
em(w)=1+|m, (2)  struments Both N, laser and Dye lasefRhodamine 6@
were used as the excitation lights. The emission light was led
whereris the relaxation time, ana,= (Nee? e;m)“?is the  to a monochromator through an optical fiber and detected by
frequency of plasma oscillatiorNg, e, andm are the num- an ICCD camera. By adjusting the gate pulse widt, for
ber, charge, and mass of electrons, respectivBlgyle’: and  the ICCD camera to a larger width than the lifetime of the
Kreibig et al?? proposed that, for a spherical particle much®D, level, we could observe the fluorescence spectra of
smaller than the mean free path of the electrons in bulk ma?D,— ’Fg; , 5, although in case of dye laser excitation it
terial, 1., the collisions of the conduction electrons with the was not possible to separate thB,— 'F, line from the
particle surfaces become important as an additional relaxexcitation light. Moreover, when the gate pulse width and the
ation process and the effective mean free platis, restricted  delay time were adequately controlled, a time resolved fluo-
by the particle size, 2 R. Thus, the relaxation timean be rescence spectra could be measured. From the measurement
substituted for the collision time under a condition ofl,,=10us and delay stepl0us, we
7 =2R/v 3) observed the time evolution 8D ,— 'F, emission. The life-
¢ N time of °D, level was~1.4ms for all samples. Figure 3
wherev(=1.39x 10° cm/s) is the Fermi velocity. Eventu- shows the integrated fluorescence intensitieSd§— 'F,
ally, we get from Eqgs(1) and(2), whenw7.>1 transition, calibrated by the sample thicknesses, for each ex-
citation by N, laser(337 nm and rhodamia 6 G dye laser
5 s . 5, (4) (578 nm as a function of the reduction time. When3tun
¢(1+2n%) (0° =)+ (w7 wT) the sample was excited by,Naser, the intensity had a maxi-
w2= w2/(1+2n?) ) mum around 30 s of the reduction time. On the other hand,
r P ' the fluorescence intensity for the excitation by the dye laser,
wherew, is the resonance frequency of the surface plasmorl..,575, gradually decreased as the reduction time increased.
Under this approximation, the full width at half maximum This decrease in fluorescence intensity oftbg— 'F, tran-
(FWHM) is given byAw,,=1/7., thus we can obtain the sition corresponds to the decrease in the number &f Euns

following relationship?® because the dye laser directly excitesEions to the®D,
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FIG. 3. Fluorescence intensity 8D ,— ’F, transition for each excitation by
N, laser(337 nm and Rhodamia 6 G dye lasef578 nm) as a function of
the reduction time.

level. It is supposed that some of them were held in Ag

Hayakawa, Selvan, and Nogami 1515

ticles were produced by x-ray irradiation. Furthermore, they
attempted to interpret their results from their theoretical
point of view? and proposed two possible mechanisms: one
is an energy transfer between ¥uand Ag particle. The
other is a local field enhancement around®Eions. They
insisted that whether the fluorescence froni'Ewas dimin-
ished or enhanced was dependent on the size of Ag particles
and the lifetime of upper level in Bli. As mentioned above,

the lifetime of the®D, level was almost the same for all
samples of the present investigation and the time response
for a pulsed excitation of dye laser did not show any nonex-
ponentiality. This implies that the most probable mechanism
for the fluorescence enhancement in our results is the local
field enhancement around Euions, due to the induced sur-
face plasmon resonance of small Ag particles.
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