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The size dependence of the photoluminescence spectra from silver nanoparticles embedded in a silica host
medium was observed. The quantum yield of the photoluminescence increased when the size of the nanopar-
ticles was decreased. The quantum yield for 8 nm silver nanoparticle was estimated to be on the order of 1072
which is 10® times higher than the one observed for bulk silver. The two photoluminescence bands observed
from silver nanoparticles were rationalized as the radiative electron interband transitions and radiative decay of
the surface plasmons in silver nanoparticles. The strong local electric field induced by the surface-plasmon
resonance in silver nanoparticles enhances the exciting and emitted photons and increases the quantum yield of

the photoluminescence.

DOI: 10.1103/PhysRevB.79.235438

I. INTRODUCTION

Noble metal nanoparticles exhibit unique optical proper-
ties such as resonant absorption and scattering of light, not
found in bulk counterparts.’? Collective coherent excitations
of the free electrons in the conduction band are responsible
for the strong absorption and scattering of the light by the
particles.! These coherent oscillations also known as surface
plasmon resonance (SPR) lead to an enhanced local electric
field close to the surface of the particles.""* The wavelength
and width of the SPR band depend on the size, morphology,
spatial orientation, and optical constants of the particles and
the embedding medium.? The strong local electric field in the
vicinity of the nanoparticles, sometimes referred to as the
“hot spots,” can be used in surface enhanced spectroscopy
such as surface-enhanced Raman scattering (SERS),’
surface-enhanced infrared absorption (SEIRA),® surface-
enhanced fluorescence,” etc. While these methods received
considerable experimental and theoretical attention,®3-'0 the
luminescence from noble metal nanoparticles has been stud-
ied very sparsely,'"1? partly because of a very low probabil-
ity of the corresponding radiative transitions.'>~!> In contrast,
the luminescence from bulk and nanostructured semiconduc-
tors [quantum dots (QD)] has been extensively studied and
well understood in terms of a radiative transition defined by
the selection rules across the band gap between the conduc-
tion and valence bands. Since metals do not have a forbidden
energy gap between occupied and unoccupied states in the
conduction band, the excited electron can recombine nonra-
diatively with the hole and this leads to a very low probabil-
ity of the radiative transition and luminescence process.'3"1
The photoluminescence (PL) from bulk silver,'® gold, and
copper!” was experimentally observed near the interband ab-
sorption edge of the corresponding bulk metal and was at-
tributed to the direct radiative interband recombination of the
conduction sp-band electrons with holes in the valence d
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band that have been scattered to momentum states less than
the Fermi momentum. The efficiency (quantum yield) of the
photoluminescence from bulk noble metals was found to be
at the order of 10710,

The PL from noble metal nanoparticles was reported for
gold,'®1? copper,?®2! and silver!"??> nanoparticles. All these
measurements revealed the maximum of the PL band close to
the interband absorption edge and thus the PL was attributed
to the interband radiative transitions.'!"'8-?2 The PL was ob-
served only from nanoparticles smaller than 20 nm in diam-
eter and from nanorods with a high aspect ratio, which sug-
gests a strong size and morphology dependence of the PL
spectra. When the size of the particles decreased, the inten-
sity of the PL increased indicating a strong influence of the
surface the nanoparticles on the PL spectra.

The strong local electric field close to the surface of the
particles enhances the Raman scattering from molecules
functionalized on its surface (SERS) (Refs. 23 and 24) and
luminescence from molecules functionalized on the surface
of the particles or close to a rough metal surface.”>’ This
suggests that the strong local electric field induced by the
SPR excitation in the particle can also enhance the quantum
yield of the photoluminescence from the particles. The
theory of local enhanced electric field”® was developed to
describe the nonlinear second harmonic generation and Ra-
man scattering by rough metal surfaces. An extension of the
theory was developed for noninteracting hemispherical metal
particles on a surface.”” SPR excitations can easily decay
through nonradiative electron-phonon scattering. However,
there is a probability of radiative decay of SPR excitations
which may contribute to the photoluminesce from metal
nanoparticles.'?2

In this paper, we present the experimental PL spectra from
spherical silver nanoparticles in the size range from 8 to 30
nm embedded in a silica host medium. The PL spectra reveal
two bands corresponding to interband transitions from elec-
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FIG. 1. TEM images with corresponding size distribution histograms of silver nanoparticles in silica glass for samples A0.15 (a) and

A0.45 (b) annealed in air and H0.45 (c) annealed in hydrogen.

tron states in the conduction sp band to holes states in the
valence d band and radiative decays of SPR in Ag nanopar-
ticles. The intensity of PL spectra increases with the decrease
in the nanoparticle size indicating the enhancement of the PL
efficiency. The quantum yield estimated for 8 nm Ag nano-
particles was more than eight orders of magnitude higher
than the one for bulk silver. The calculations of the theoret-
ical PL spectra of silver nanoparticles were performed using
the model of local-field enhancement.? The calculations are
in good agreement with the experimental results.

In the next section we describe the experimental proce-
dures of the diffuse reflectance and PL spectroscopy and de-
tails of the nanoparticles preparation. Section III outlines the
experimental results and presents the theory of the local-field
enhancement followed by the discussion and conclusions.

II. EXPERIMENTS

Silver nanoparticles embedded in a SiO, host were syn-
thesized  according the  procedure  described in
literature.?*3%3! Porous silica matrices (obtained by transfor-
mation to monolithic glasses) were produced using a modi-
fied conventional sol-gel technique based on hydrolysis of
tetraethoxysilane (TEOS) with doping followed by a chemi-
cal transformation of the dopants in air or controlled gaseous
medium. A precursor sol was prepared by mixing of TEOS,
water, and alcohol with the acid catalysts HNO; or HCI.
Silica powder with particle size about 5-15 nm (the specific
surface area is 38030 m?/g) was added to the sol fol-
lowed by ultrasonication in order to prevent a large volume
contraction during drying. The next gelation step resulted in
the formation of gels with a desired shape. Porous materials
(xerogels) were obtained after the gels were dried at room
temperature under controlled humidity. The porosity of SiO,
matrices was controlled by annealing the samples in air at
the temperature of 600 °C during 1 h. The heating process
resulted in visible variations of the density and specific sur-
face area. Silver doping was performed by immersion of xe-

rogels into AgNOj; alcohol solution during 24 h. We used the
AgNO; alcohol solutions with three concentrations: 0.15
mmol (AgNO;)/50 ml (alcohol), 0.30 mmol/50 ml, and 0.45
mmol/50 ml. Then, the silver doped samples were dried in
air at 40 °C during 24 h. Further processing of the Ag-doped
xerogels was done in two different ways: (1) annealing in air
with gradual increase of the temperature from 20 °C to
1200 °C (annealing time at 1200 °C: 5 min); (2) the same
procedure but performed in hydrogen atmosphere. The an-
nealing resulted in reduction in Ag(I) to Ag(0) and then in
aggregation in the form of Ag nanoparticles. The samples
obtained by annealing in air had low-optical density and
were noncolored (labeled hereafter as samples A) and the
samples obtained using annealing in hydrogen atmosphere
had a higher optical density and had yellow color (labeled as
samples H). We fabricated six samples: A0.15, A0.30, A0.45
and HO.15, H0.30, HO.45 corresponding to different concen-
trations of AgNOj; in alcohol solution mentioned above.
The transmission electron microscopy (TEM) of fabri-
cated Ag/SiO, glass samples was made to determine the size
and shape distribution of nanoparticles. TEM characteriza-
tion was performed using JEOL 100CX electron microscope
operating at 100 kV. The TEM measurements were per-
formed for the powdered pieces of Ag/SiO, glass samples.
The TEM images were taken from the edge of the fragments
of powder, since only the edge can be transmitted by the
electron beam. Therefore, the different areas of obtained
TEM images have the different thickness and contrast. The
size distributions of the silver nanoparticles in different stud-
ied samples were obtained by the analysis of 40-140 nano-
particles depending on the sample. Figure 1 shows some ex-
amples of the TEM images of typical samples A0.15, A0.45,
and HO0.45 with the corresponding histograms showing the
size distribution of Ag nanoparticles. The silver nanoparticles
have the spherical shape and the diameter of the particles
was estimated for different samples: sample A0.15 ((d)
=8 nm with standard deviation ¢,=2.7 nm), A0.30 ((d)
=11 nm with o,=4.1 nm), A0.45 ((d)=17 nm with o,
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=6.2 nm), HO.15 ({(d)=22 nm with ¢,=9.1 nm), HO0.30
((d)y=26 nm with ¢;,=10.4 nm), and H0.45 ((d)=30 nm
with 0,=13.4 nm). The TEM results indicate a large sepa-
ration between nanoparticles, so that the electrodynamic cou-
pling does not affect their optical spectra. One can see that
the increase in the concentration of salt AgNO; in initial
xerogel and the annealing in hydrogen leads to the increase
in the size of silver nanoparticles.

A tungsten-halogen incandescent lamp was used as a light
source for the absorption and diffuses reflectance (DR) mea-
surements. DR spectra were recorded in the near backscatter-
ing geometry where the angle between the exciting and re-
flected beams was about 15°. The single spectrometer
MDR-3 was used for the registration of the DR spectra. The
PL and the excitation spectra of Ag/SiO, glass nanocompos-
ites were measured by Cary Eclipse (Varian Inc.) fluores-
cence spectrophotometer. The photoluminescence was ex-
cited by a single monochromatic line (spectral half width of
5 nm) cut from the continuum emission spectrum of pulse
Xe lamp. The tuning of exciting wavelength was made in
spectral range of 220—400 nm. All measurements were per-
formed at room temperature. The quantum yield of PL from
silver nanoparticles was measured by comparing of their
photoluminescence intensity with one of anthracene film
with known quantum yield of 0.9.

III. RESULTS AND DISCUSSION
A. Diffuse reflectance spectra of Ag/SiO, nanocomposites

Noble metal nanoparticles exhibit a strong resonant ex-
tinction (absorption plus scattering) of the light in the visible
and infrared (IR) frequency range caused by the SPR collec-
tive coherent excitations. In this subsection, we outline the
experimental and theoretical results on the scattering effi-
ciency of silver nanoparticles embedded in a SiO, host me-
dium. Since the measurements of the absorption spectra of
silver nanoparticles were hindered by the strong scattering of
the light by the host medium, we present the experimental
DR spectra of the composites in the near backscattering ge-
ometry (see Sec. II). Figure 2 shows the DR spectra of
Ag/Si0O, samples containing silver nanoparticles of different
sizes. The DR spectra reveal the P, band with the maximum
around 400 nm associated with the excitation of the SPR of
silver nanoparticles, see Fig. 2. The SPR wavelength shifts
from 395 nm for nanoparticles of 30 nm size to 416 nm for
smaller nanoparticles having the size 8 nm. In addition, we
observe broadening of the peak as the size of the nanopar-
ticles decreases.

The density of silver nanoparticles embedded in the SiO,
host is low, therefore we can neglect the electrodynamic in-
teraction between the particles and use the Mie theory to
calculate the scattering efficiency of light by the
composite.!? The optical constants for bulk silver were taken
from the literature.>> When the size of the particles becomes
smaller than the mean-free path of the electrons in bulk
metal, the scattering of the electrons by the surface of the
particles leads to the broadening of the SPR band and is
referred as the internal size effect.! The complex dielectric
function of the silver nanoparticles is then modified to take
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FIG. 2. The diffuse reflectance spectra of Ag/SiO, nanocom-
posite glasses containing the silver nanoparticles with various mean
sizes. Inset presents the scattering spectrum of silver nanoparticles
in silica matrix calculated by Mie theory.

into account the surface and interface damping of the SPR
excitation 33

s(w,R):s’(w)+8"(a)){1+A%}, (1)

where &'(w) and &"(w) are the real and imaginary parts of
dielectric function of bulk silver, A is the constant which
accounts for both surface and interface scattering
effects,'333 [, =55.6 nm is the bulk scattering length for the
conduction electrons. The later was calculated assuming the
Drude model® for the conduction electrons [,,=wvy7, where
the Fermi velocity for bulk silver vp=1.39X 108 c¢m/sec and
the relaxation time for bulk silver at room temperature T
=297 K, 7=4.0X 10™'* sec. Theoretical spectrum of a com-
posite consisting of well separated silver spherical nanopar-
ticles embedded in a silica host medium is shown in Fig. 2 as
an inset. The size of the particles was assumed to be 30 nm
and in addition we took into account the size distribution of
the particles as estimated from TEM measurements, see Sec.
II. The maximum of the scattering intensity corresponds to
the SPR excitation wavelength of silver nanoparticles, Agpr
=410 nm, which is in agreement with the experimental re-
sults shown in Fig. 2. Thus, we conclude that the maximum
in the DR experimental spectra shown in Fig. 2 is caused by
the excitation of the SPR in silver nanoparticles. The experi-
mentally observed SPR wavelength red shifts as the nanopar-
ticle size decreases. The red shift might be caused either the
spill-out effect! or by the presence of the oxide shell around
the silver core. The silver oxide shell would have a higher
index of refraction than the host silica matrix and would lead
to the red shift of the SPR band as observed experimentally.
However, this hypothesis deserves a detailed discussion and
will be addressed in more details in an upcoming publica-
tion.
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B. Photoluminescence from silver nanoparticles

Figure 3(a) shows experimental PL spectra of Ag/SiO,
composites containing nanoparticles of several different av-
erage sizes. In addition, the PL of a pure annealed silica
sample prepared from xerogel without silver dopant
(AgNOs,) is shown in Fig. 3(a). To separate the PL spectra
from silver nanoparticles and those of the silica host, the
later was subtracted from the original spectra of the compos-
ites shown in Fig. 3(a). The results are shown in Fig. 3(b) as
the PL from silver nanoparticles. We can identify two bands
denoted as P; and B in the PL spectra of silver nanoparticles,
Fig. 3(b). Both bands can be rationalized either by the PL
from silver nanoparticles or by the PL from their oxides or
ions, which might be present in the samples annealed in the
air, but we rule out the PL from silver oxides and ions later in
the discussion.

Let us now analyze the PL spectra from silver nanopar-
ticles. The band denoted as B is observed only in the spectra
of the samples containing the smallest Ag nanoparticles (8
and 11 nm) and is absent in the samples with larger particles.
Its maximum is at 345 nm, that is very close to the maximum
(3.75 eV or 330 nm) of PL band of bulk silver.">!¢ The PL
band was experimentally observed for the first time for bulk
silver'® with the maximum at 330 nm and was attributed to
direct radiative interband recombination of the conduction
sp-band electrons with holes in the valence d band that have
been scattered to momentum states less than the Fermi
momentum.'> The maximum of the band was close to the
interband absorption edge of bulk silver'> (3.2 eV or 388
nm). A similar PL band with its maximum around 330 nm
was observed from silver nanoparticles.!'*® Since the PL
spectra in our experiments reveal the maximum which is
close to those PL. maxima mentioned above, we attribute the
B band (345 nm) to the interband sp — d radiative transi-
tions. The red shift of the B band relative to the PL band
from bulk silver is probably caused by the coupling of the
incoming (exciting) and outgoing (emitted) photons with
SPR as discussed below.

plied by a factor C.

450 525 600

Wavelength (nm)

The second PL band denoted as P; was observed in the
wavelength range of SPR excitation (P, band in DR spectra).
Both P; and P, bands are red shifted when the size of the
particles decreases [Figs. 2 and 3(b)]. Based on these obser-
vations, we attribute the P, band to radiative decay of SPR
excited in silver nanoparticles. The radiative decay of the
SPR excitations in silver nanoparticles and nanorods was
observed experimentally and reported in the literature.!!->>37

As we already mentioned in the introduction, metals do
not have a band gap and the probability of the radiative
transitions of the electronic excitations down to the ground
state is exceedingly low.!3"1>17 Indeed, the quantum yield of
the PL from bulk noble metals was estimated on the order of
1071, Let us note the strong size dependences of intensities
of the PL of both B and P, bands. While the B band is
observed only for the smallest (8 and 11 nm) nanoparticles,
the intensity of the P; band decreases significantly as the size
of the particles increases as shown in the inset in Fig. 3(b).
This strong size dependence of the PL bands gives us some
hints as to why the quantum yield of the PL from silver
nanoparticles is considerably higher than the one observed
from bulk metals. The quantum yield of the interband PL (B
band) from silver nanoparticles (8 and 11 nm) using anthra-
cene films with known quantum yield (0.9) was estimated to
be 1.2Xx107* for 8 nm and 4.6 X 10~ —for 11 nm silver
nanoparticles. This quantum yield is nearly 7-8 orders of
magnitude higher than the one observed for bulk noble met-
als (107'9). Thus, the PL from silver nanoparticles with size
about 10 nm is enhanced by eight orders of magnitude. Be-
low we prove that this enhancement is caused by the strong
local electric field due to SPR excitation in silver nanopar-
ticles, which results in the enhancement of the electric fields
of incoming (exciting) and outgoing (emitted) photons by the
SPR. Note that the maximum of the enhancement is ob-
served for silver nanoparticles with size of about 10 nm,
which is in agreement with theoretical calculations of the
local-field enhancement near surface of silver nanoparticle®
and reported data on SERS (Refs. 23, 24, and 39) and
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luminescence? in the molecules adsorbed on the rough silver
surfaces and on the surface of silver nanoparticles.

C. Calculations of SPR enhanced PL from silver nanoparticles

The theory of local enhanced electric field by rough sur-
faces was successfully applied to describe their linear and
nonlinear optical properties.”® Boyd et al.?® developed a
theory for a system of noninteracting hemispheres on a metal
substrate and showed that the PL intensity depends on the
aspect ratio of the particles. The electric fields of incoming
(exciting) and outgoing (emitted) photons are enhanced via
coupling to the SP resonance.?” We use this theory to validate
the hypothesis of the SPR enhanced PL in our experiments.
According to the theory, the local electric field inside a par-
ticle is enhanced by the factor known as the local-field cor-
rection factor

D—l

. ()
e(w)— 1 +D‘1{1 . i4772V[1 :s(w)]}
3N

where D is the depolarization factor (D=1/3 for spherical
particle), e(w) is the frequency-dependent complex dielectric
function of the metal, \ is the light wavelength. The power
of single-photon luminescence P(w;) from a metal nanopar-
ticle excited with a photon of the energy fiw,,. is given by

P(wy) =2*B(0) |EgPVIL (e ) LA ()], (3)

where E| is the incident electric field, B(w;) is the function,
which includes the intrinsic luminescence spectrum of bulk
metal, V is the volume of the particle. The PL spectra from
silver nanoparticles can be calculated using the local en-
hancement factor for the exciting L(w.,.) and emitted L(w;)
photons.

The theoretical PL spectra from silver nanoparticles
P(w,)!|E,|* for different sizes of the nanoparticles are shown
in Fig. 4. The complex dielectric function for metal nanopar-
ticles was taken from the literature®? and modified by includ-
ing the internal size effect’* using Eq. (1). The theoretical
spectra reflect qualitatively the two bands structure of the PL.
spectra observed experimentally, Fig. 3(b). The high-energy
band with the maximum around 335 nm, denoted as the B
band, is rationalized above to the interband radiative transi-
tions in bulk silver. This maximum is accounted for by B(w)
factor in Eq. (3), which stands for the bulk contribution to
the PL spectra. The intensity of the B band changes synchro-
nously with the intensity of SP’s P, band, which, we believe,
is caused by the coupling of the incoming and outgoing pho-
tons to the SPR excitation. The coupling to the SPR excita-
tion results in the enhancement of interband luminescence
band.

The second (low energy) band is the one caused by the
radiative decay of the SPR excitation, namely the P, band.
The maximum of the P, band is around 400 nm, Fig. 4. The
size dependence of the PL spectra reflects two distinct size
effects relative the SPR excitation in silver nanoparticles. As
the size of the nanoparticles becomes larger than 30 nm, the
radiative damping effect causes the decrease in the local

L(w) =
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FIG. 4. Calculated photoluminescence spectra of silver nanopar-
ticles of various sizes.

electric field inside the particles. This leads to a decrease in
the PL spectra since the enhancement of the PL due to the
coupling with the SPR excitation is damped by the radiative
losses. On the other hand, when the size of the particle be-
comes smaller than the mean-free path of the conduction
electrons inside the particles, the scattering from the surface
and interface damping causes an analogous damping of the
SPR excitation and consequently leads to a decrease in the
PL intensity, Fig. 4. These two effects—radiative damping
and internal size effect lead to a maximum in the PL spectra
when the size of the particles becomes close to 30 nm, Fig. 4.
The experimental PL spectra are broadened due to a large
size distribution of the silver nanoparticles and thus due to
the shift of the SPR wavelength, which depends on the size
of the particles.!? In addition to the capture of the size effect,
the model provides the correct blue shift of the P; band due
to the coupling of the two bands, Fig. 4. As the size of the
nanoparticles increases, the maximum of the P; band shifts to
the blue side of the spectrum as observed experimentally,
Fig. 3(b).

The theory of the enhanced PL from metal nanoparticles?
provides the formula to calculate the enhancement factor of
the PL from nanoparticle relative to that of PL from smooth
planar surface. According to this theory for the power of
one-photon PL from bulk metal is given by?’

Py(w) = B(o)|Eo2Szp( @exe» ) |Li(wex) Li( )], (4)

where zo(Wexe, @) =[ A weyo) +a(w) ] is the effective ab-
sorption depth, a(w) is the absorption coefficient, S is the
illuminated area, Lj(wy.) and L,(w;) are the Fresnel coeffi-
cients for planar surface of bulk metal for exciting and emit-
ted photons correspondingly. The Fresnel coefficients are
given by
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2 cos 6
e"*(w)cos Gy +cos 6’

Ly(w) = (5)
where 6, and 6 are the incidence and refraction angles cor-
respondingly. To compare quantitatively the efficiencies of
PL from nanoparticle and bulk metal we evaluated S as the
cross-section of the nanoparticle (S=md?/4). Thus, the en-
hancement factor 7 obtained from Egs. (3) and (4) can be
written as

_P_

_ _ 24% |L2(wexc)L2(wl)|
P,

. 6
3Z() |Li(wexc)l‘i(wl)| ( )

With the excitation wavelength A.,.=250 nm and optical
constants for bulk silver taken from the literature,*? and con-
sidering the case of normal incidence of light to surface of
bulk metal (6,=0°) we calculated the size dependence of PL
enhancement factor, see Fig. 5. The highest enhancement of
the PL (3.5X 107 times) from silver nanoparticles is ex-
pected for 30 nm silver nanoparticles. The theoretical en-

NP size: 17 nm

NP size: 8 nm
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hancement factor is in good agreement with the experimental
one (1.2X1072/107'°=1.2X 108%—for 8 nm nanoparticles
and 4.6X1073/1071°=4.6 X 10’—for 11 nm nanoparticles).
This agreement proves that the enhancement of the PL stems
from the coupling of exciting and emitted photons to the
SPR excitation. A similar good agreement between the ex-
perimental and theoretical values (107) of enhancement fac-
tor was reported for gold nanorods'® with the width 20 nm
and aspect ratio 5.4. The strong PL enhancement (in 10° and
10° times) was reported also for spherical 30 and 12 nm
copper nanoparticles.>! Note that calculations show that the
nanoparticle size at which the maximum of enhancement
takes place and the relative intensity of B and P, bands in
spectrum depend on the constant A in Eq. (1). The decrease
in A leads to the shift of maximum of enhancement to side of
smaller sizes. We estimated for our calculations A=0.5 based
on the width of the diffuse reflectance spectra, Fig. 2. The

width of the SPR band can be approximated as I'=1,, +Av;f,
where 7. is the bulk scattering rate for conduction electrons.
The mismatch in the experimental (10 nm) and calculated
(30 nm) size of silver nanoparticle for the maximum of the
enhancement factor can therefore be explained by the choice
of the A parameter. The A parameter contains both size and
interface damping mechanisms33* of the SPR excitation. In
addition, the mismatch can be attributed to the simple local
enhanced filed theory which we used to calculate the en-
hancement of the PL spectra.”®?° A more sophisticated ap-
proach such as the many body theory*’ should remove this
discrepancy and might be a subject of future theoretical in-
vestigations.

D. Influence of the excitation wavelength on the PL from
silver nanoparticles

The excitation wavelength plays an important role in the
PL spectra from silver nanoparticles. In this subsection, we
present the experimental results on the dependence of the PL
from silver nanoparticles on the excitation wavelength A\,..
Figure 6(a) shows a behavior of the P, band of the PL spectra
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from 17 nm silver nanoparticles as a function of the excita-
tion wavelength and Fig. 6(b) depicts the B band of the PL
spectra from 8 nm nanoparticles as a function of the excita-
tion wavelength. Both bands in the PL spectra, namely, the
interband recombination B and SPR radiative P, band reveal
a red shift of the PL. maximum as the excitation wavelength
increases as shown in Figs. 6(a) and 6(b).

The shift may be related to the size dependence of the
SPR excitation in silver nanoparticles. Figure 2 shows the
red shift of the DR scattering spectra caused by the SPR
excitations in the nanoparticles. As the size of the particles
decreases, we observe the red shift, which might be caused
by the spill-out effect. We can expect the same dependence
of both DR scattering P; band and PL P, on the size of the
nanoparticles. Thus, as the size distribution of the silver
nanoparticles is quite wide (standard deviation is 35-45%),
the red shift of P, band with increase in A, can be the size
distribution effect.

The red shift of interband recombination B band might be
caused by the strong coupling of emitted photon of B band to
SPR band. Such strong coupling might lead to transforma-
tion of the dispersion branch of the photon, i.e., some analog
of “surface plasmon — photon” polaritons occurs. As a result
of such coupling the states of photon and surface plasmon
might attract to each other that would lead to the shift of the
photon energy to SPR side. Since the SPR shifts to red side
with increase in excitation wavelength [see Fig. 6(a)], this
coupling has to lead to the red shift of the B band as the
excitation wavelength increases. The similar shift of the in-
terband PL band in copper nanoparticles from its position
observed for bulk copper to side of SP resonance we ob-
served recently.?’ In addition, our theoretical calculations of
the PL spectra also indicate a synchronous shift of both
bands, which additionally proves the “surface plasmon —
photon” polariton coupling hypothesis.

Note that the intensities of both P, and B bands depend on
excitation wavelength as well. The intensity of the B band
decreases monotonically as the excitation wavelength A\,
increases with a slight local maximum at 230 nm. The de-
pendence of intensity of P; band on A\ is presented in the
inset of Fig. 6(a). We can see that the most efficient excita-
tion of surface-plasmon PL P; band occurs at 330 nm that
precisely coincides with the spectral position of the maxi-
mum of B band that corresponds to interband photolumines-
cence. That proves the fact of coupling of exciting and emit-
ted photons to the SPR in nanoparticle. The agreement
between the measured and calculated excitation spectra of P,
and B bands (see insets in Fig. 6) proves the validity of the
theoretical model used to calculate the enhancement due to
the coupling of exciting and emitted photons to SPR.

Finally, let us discuss the possibility of light emission
from Ag-oxide clusters and ions and their contribution to the
observed B and P, bands of the PL spectra. First, we rule out
the possibility of light emission from silver oxides. The B

PHYSICAL REVIEW B 79, 235438 (2009)

band was observed only in those in samples fabricated from
xerogels with lower concentration of AgNO; and annealed in
air atmosphere. If the emission of light was due to the silver
oxides, then the B band would be observed with higher in-
tensity in the samples with higher concentrations of AgNO;
(samples with larger Ag nanoparticles). But this B band was
not observed for the composites fabricated from the xerogels
with larger initial concentration of AgNO;, and so we con-
clude that the emission was not due to silver oxides. More-
over, if the emission of light was due to the silver oxides, the
decrease in the AgNO; concentration would lead to smaller
oxide nanoparticles and consequently to the blue shift of the
band due to the quantum confinement effect well known for
the semiconductor particles. Yet we observe the opposite red
shift experimentally. Second, let us consider silver ions as
possible origin of observed PL spectra. If the two B and P,
bands were from the silver ions emission, their intensities
would increase with the increase in the concentration of
AgNOj in initial xerogels, since the concentration of the ions
in the host medium would increase as well. However, the
opposite trend was observed both in the samples annealed in
air and in hydrogen. If these bands were originating from
ions, their spectral position would not change with the
change in the concentration of AgNO; and excitation wave-
length, whereas the shift of the B and P, bands were observed
with the change in both concentration and excitation wave-
length.

IV. CONCLUSIONS

In conclusion, we studied experimentally the PL from
spherical silver nanoparticles having the size in the range
8-30 nm embedded in a silica host medium. The two bands
were observed in PL spectra of Ag nanoparticles. The high-
energy band was observed in the samples containing 8 and
11 nm silver nanoparticles and was rationalized as the radia-
tive recombination of the electrons in sp conduction band of
silver with holes in d valence band. The low-energy band
was observed in all the samples with the nanoparticles of
sizes of 8—30 nm. The intensity of PL spectrum was found to
increase when the nanoparticle size decreased. The quantum
yield of the photoluminescence was found to be maximal for
the smallest 8 nm silver nanoparticles and was estimated on
the order of magnitude 1072 that is in 10® times higher than
in bulk silver. The theoretical calculations of the PL spectra
from silver nanoparticles confirmed the size dependence of
the PL spectra. The PL is enhanced by the local electric field
due to enhancement of the exciting and emitted photons
coupled to SPR in silver nanoparticle.
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