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On the fluorescence enhancement mechanism of Er3+ in germanate
glass containing silver particles∗
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The spectral properties of trivalent erbium ions (Er3+) are systematically studied in a melt-quenched germanate glass
(60 GeO2-20PbO-10BaO-10K2O-0.1Ag2O) containing silver (Ag) particles. Thermal treatment of the material leads to the
precipitation of Ag particles as observed by transmission electron microscopy and confirmed by absorption spectrum for
the obvious surface plasmon resonance peak of Ag particles. The fluorescence from Er3+ in the 10-min-annealed sample
with Ag particles is found to be 4.2 times enhanced compared with the unannealed sample excited by 488-nm Ar+ laser.
A comparison is made between a spectral study performed on the unannealed Er3+-doped sample and the one annealed
for 20 min. The data of absorption cross section and Judd–Ofelt intensity parameters show the agreement between the two
samples no matter whether there are Ag particles, indicating that the introduction of Ag particles by post-heat treatment has
no effect on the crystal field environment of Er3+ ions. The fluorescence enhancement is attributed to the surface plasmon
oscillations of Ag particles in germanate glass.
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1. Introduction
The excitation of surface plasmons (SPs) by light is

termed the surface plasmon resonance (SPR) at the surfaces
of noble metal films or particles, which has attracted much
attention both theoretically and experimentally due to its ap-
plications in plasmon biosensors and enhancement of some
physical quantities, such as Raman scattering intensities, fluo-
rescence intensities, the absorptions of light in molecules, and
the quantum efficiencies of light-emitting materials and light
emission diodes (LEDs),[1–11] etc. Up to now, SPs-enhanced
Raman scattering and fluorescence have been widely observed
in various materials, such as inorganic quantum dots, semi-
conductors, organic materials, and rare-earth ion-doped mate-
rials containing heavy metal particles (Au, Ag).[12–21] It has
been reported that the heavy metal SPs can enhance a Ra-
man signal more than 108 times,[22] and they increase the flu-
orescence several times in rare-earth ion-doped materials,[16]

which evokes considerable research interest in the interaction
between heavy metal particles and light-emitting centers.

Trivalent erbium ion (Er3+), as one of the most important
active ions in the rare-earth family due to its favorable energy
level structure, has been exploited in a wide variety of glasses
for applications in solid-state lasers and optical amplifiers. In
recent years, Er3+ and Ag co-doped bismuth, germanate, tel-

lurite, and oxyfluoride glasses have been extensively inves-
tigated and fluorescence enhancement phenomena have been
observed.[23–26] However, it is not clear whether the enhance-
ment results from plasmonic resonance, energy transfer or any
other factor.[27] Among all of the above glasses, germanate
glass has proved to be one of the promising hosts for such ap-
plications due to its high chemical durability and temperature
stability; moreover, it has a higher refractive index and lower
phonon energy than silicate, borate, and phosphate glasses.

In this paper, Er3+-doped germanate glasses containing
Ag particles are prepared by melt-quenching method with
post-annealing treatment. Their spectral properties and influ-
ences of Ag particles on Er3+ luminescence are systematically
studied. Fluorescence enhancement is observed, and its phys-
ical mechanism is attributed to the SPs oscillations of Ag par-
ticles in germanate glass.

2. Experiment
2.1. Sample preparation

Er3+-doped germanate glasses containing small Ag par-
ticles with designed composition 60GeO2-20PbO-10BaO-
10K2O-0.1Ag2O-1Er2O3 (in molar ratio) were prepared by a
conventional melt-quenching method. Analytical grade GeO2,
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PbO, ZnO, BaCO3, K2CO3, and Er2O3 were used as start-
ing materials. According to the designed composition, certain
quantities of starting materials were weighed and well mixed
together in an agate mortar. The mixture was placed into an
alumina crucible and melted in a muffle furnace at 1100 ◦C
for about 30 min to obtain homogeneously mixed melt. Then,
the melted mixture was poured into a preheated brass mold to
form glassy samples. After cooling down to room tempera-
ture, the samples were cut into several pieces and heat-treated
at 450 ◦C for 10, 20, and 30 min, respectively, in order to grow
Ag particles. Finally, the samples were polished carefully to
meet the spectral measurements.

2.2. Sample characterization

The glass density was measured according to the
Archimedes’s principle, using distilled water as the immer-
sion liquid. The Er3+ concentrations and mole volumes were
estimated based on the designed composition and the mea-
sured volumes. The refractive indices were achieved by using
a variable angle incidence M-2000 Spectroscopic Ellipsome-
ter (VASE) (J. A. Woollam Co, Inc. USA). The nucleation of
Ag particles formed in the glasses was investigated by trans-
mission electron microscope (TEM, JEM-2100, JEOL Ltd.
Japan) which functioned with selected area electron diffrac-
tion (SAED). The absorption spectra were obtained on a flu-
orescence spectrophotometer (PC3101, Shimadzu Ltd. Japan)
in a range of 300 nm–1750 nm. The emission spectra were
measured by a Triax 550 (Jobin Yvon Ltd, France) under ex-
citation of a 488-nm Ar+ laser. All of the measurements were
performed at room temperature.

3. Results and discussion

Figure 1 shows the absorption spectra of Er3+-doped ger-
manate glasses unannealed and annealed at 450 ◦C for 10, 20,
and 30 min. In a measured region from 1225× 104 cm−1 to
3× 104 cm−1, several sharp absorption peaks corresponding
to the transitions from ground state 4I15/2 to the excited states
4G11/2, 2H9/2, 4F7/2,5/2,3/2, 2H11/2, 4S3/2, and 4F9/2 of Er3+

from high energy side to low energy side are observed. Be-
sides, a broad and strong absorption band centered at around
2.2× 104 cm−1 can also be observed in all of the annealed
samples, which corresponds to the absorption of Ag parti-
cles due to the SPR of the spatially confined electrons in Ag
particles.[28] It can be seen that with the increase of annealing
time, the intensity of the plasma oscillation peak increases and
the position has a weak red shift, indicating that a lot more Ag
particles were formed via long term annealing treatment.
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Fig. 1. (color online) Absorption spectra of Er3+-doped gemanate
glasses.

In order to evaluate the mean size of Ag particles, the
plasmon absorption bands are extracted from the whole ab-
sorption spectra, which are shown in Fig. 2 as dotted lines
for the glass samples annealed for 10, 20, and 30 min. The
sizes of Ag particles are calculated according to the classical
light scattering theory by Mie and the free electron theory by
Drude,[16] in which the characteristics of the absorption peak
are explained as originating from the SPR of metallic parti-
cles. According to the Mie–Drude equation, the absorption
coefficient can be described as follows:[29]

α (ω) =
9qn3

c(1+2n2)

ω2ω2
r τc

(ω2−ω2
r )

2 +(ω2
r /ωτc)

2 , (1)

where n is the refractive index of the host material, q is the
volume fraction of metallic particles, τc is the collision time
and ω r is the resonant frequency of the SPs, which can be ex-
pressed as

ω
2
r = ω

2
p/
(
1+2n2) , (2)

where ωp is the frequency of plasmon oscillation. Then, upon
fitting the SPs? absorption peaks by Eq. (1), the Ag particle
size can be obtained as

2R = vf/∆ω1/2, (3)

where vf is the Fermi velocity and equals 1.39×108 cm/s,[16]

∆ω1/2 is the full width at half maximum (FWHM) of the plas-
mon absorption peak. The fitted curves of SPs? absorptions
are depicted in Fig. 2 as solid curves. The theoretical curves
show good agreement with the experimental data. Figure 3
shows the dependence of the estimated mean Ag particle size
on annealing time. It can be found that when annealing time
is 10 min the mean particle size is about 14 nm, and with the
further increase of annealing time the mean particle size de-
creases, indicating a break-down of the Mie–Drude theory due
to the assumptions of a smaller distribution of particle sizes
and no interaction between particles as Hayakawa et al. stated
in the study of Eu3+-doped SiO2 glass containing small Ag
particles.[16,29]
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Fig. 2. (color online) Plasmon absorption spectra of Ag particles in
Er3+-doped germanate glasses annealed for 10, 20, and 30 min (solid
dots: experimental data; solid curves: fitted results).
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Fig. 3. (color online) Dependence of the estimated mean Ag particle
size on the annealing time.

Figure 4(a) shows the TEM image of Er3+-doped ger-
manate glass containing Ag particles annealed at 450 ◦C for
20 min. Some dark areas whose compositions are different
from those in most parts of the sample are observed in the
TEM image. The inset in the top right corner in Fig. 4(a)
shows an enlarged image of a typical dark area. It can be seen
that a lot of atoms are arranged regularly in the dark area but
not in the full dark area. In order to identify the particles, the
selected area electron-diffraction SAED pattern is taken and is
shown in Fig. 4(b). From the SAED image, the crystal plane
distance is calculated to be 2.359 Å (1 Å=0.1 nm) which is in
agreement with the value of (111) plane of metal Ag, indicat-
ing that the dark area in Fig. 4(a) corresponds to Ag particles.
The average particle size estimated from Fig. 4(a) is about
5 nm, which is smaller than the value calculated by Mie–Drude
theory. The difference between the particle sizes derived from
the above two routes is due to the fact that the Mie–Drude
theory is established on the ideal case that the metal particles
possess regularly spherical shape and the size distribution is
localized in a narrow region. That is to say, the mean particle
size estimated from the Mie–Drude theory deviates from the
real value. However, the results of the particle sizes obtained
from the Mie–Drude theory can reflect the variation trend of
the real particle sizes.

(a)

(b)

Fig. 4. (color online) TEM pattern (cross section) of Ag particles
formed after annealing at 450 ◦C for 20 min. (a) TEM pattern, (b)
selected area electron-diffraction pattern.
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Fig. 5. (color online) Fluorescence spectra of Er3+ in germanate glasses
excited by 488-nm Ar+ laser, with the inset showing the correlation of
the integrated fluorescence intensities of green, red, and infrared emis-
sions with the annealing time.

Figure 5 shows the fluorescence spectra of Er3+-doped
germanate glasses excited by 488-nm Ar+ ion laser and mea-
sured under identical experimental conditions. It can be found
that three emission bands in the green (510 nm–580 nm), red
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(640 nm–680 nm), and infrared (840 nm–870 nm) regions are
observed, which can be assigned to (2H11/2, 4S3/2)→4I15/2,
4F9/2→ 4I15/2, and 4S3/2→ 4I13/2 transitions of Er3+, respec-
tively. It should be noted that an emission enhancement is ob-
served for all the annealed samples compared with the unan-
nealed one. When the annealing time increases up to 10 min,
the emission intensity reaches a maximum value, which is al-
most 4.2 times higher than that of the unannealed one with-
out Ag particles. With the further increase of the annealing
time, the emission intensity decreases dramatically but it is
still higher than the unannealed one. The inset of Fig. 5 shows
the dependences of the integrated fluorescence intensities of
green, red, and infrared emissions on the annealing time.

From the above results, it cannot be deduced whether the
fluorescence enhancement is induced by the SPR. In fact, the
mechanisms of fluorescence enhancement can be multifold.
On the one hand, the change of fluorescence intensity may
result from the enhanced pump absorption by the plasmon os-
cillation; on the other hand, it can also be caused by the field
enhancement effect; moreover the crystal field change evoked
by the post-heat treatment can possibly lead to the fluores-
cence enhancement. To verify the origination of fluorescence
enhancement, the quotient spectra R(λ ) of different samples
are derived from the formula R(λ )= Iannealed(λ )/Iunannealed(λ )

based on the fluorescence spectra in Fig. 5, where Iannealed(λ )

and Iunannealed(λ ) are the normalized fluorescence intensities
for the annealed samples and the unannealed one in a wave-
length range from 500 nm to 900 nm. Figure 6 shows the quo-
tient spectra, where three smooth straight lines in the regions
of emission bands corresponding to (2H11/2, 4S3/2)→ 4I15/2,
4F9/2→ 4I15/2, and 4S3/2→4I13/2 transitions of Er3+ are pre-
sented, indicating no obvious change in the emission spectral
profile of Er3+ after the formation of Ag particles by post-
annealing treatment. Therefore, it can be concluded that the
introduction of Ag particles in Er3+-doped germanate glass
has no effect on the crystal field environment of Er3+, while it
only induces the enhancement of the emission intensity.
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Fig. 6. (color online) The quotient spectra of the fluorescence spectra
ranging from 500 nm to 900 nm of Er3+ in germanate glasses annealed
for 10, 20, and 30 min.

To further check the influence of heat treatment on the op-
tical transition properties of Er3+, Judd–Ofelt calculations are
performed in the framework of three parameters based on the
Judd–Ofelt theory,[30,31] which was developed independently
by Brian Judd and George Ofelt in 1962 and has been widely
used in the spectroscopic studies related to f – f transitions of
rare-earth ions. Based on their theory, the oscillator strength
fed for an electric-dipole transition between two 4 f levels of
rare-earth ions can be written as

fed =
8π2mcv

3h(2J+1)
(n2 +2)2

9n ∑
λ=2,4,6

Ωλ

(
〈ΨJ|

∣∣∣Uλ

∣∣∣ ∣∣Ψ ′J′〉)2
.

(4)
The oscillator strength fmd for a magnetic dipole transi-

tion can be expressed as

fmd =
hvn

6mc(2J+1)

∣∣〈ΨJ| |L+2S|
∣∣Ψ ′J′〉∣∣2 . (5)

In Eqs. (4) and (5), m is the mass of electron, c is the speed
of light, ν is the wavenumber for the studied transition, n
represents the refractive index of the host, h refers to the
Planck constant, J is the angular moment of the initial state,
Ωλ (λ = 2, 4, 6) are the three intensity parameters, namely,
Judd–Ofelt intensity parameters, and 〈ΨJ|

∣∣Uλ
∣∣ |Ψ ′J′〉 and

〈ΨJ‖L+2S‖Ψ ′J′〉 are the reduced matrix elements for elec-
tric and magnetic dipole transitions, respectively. The ex-
perimental oscillator strength for an absorption transition at
wavenumber ν can be calculated according to the absorption
cross section by using the following equation

fex =
mc
πe2

∫
σ(v)dv, (6)

where σ (ν) represents the absorption cross section at
wavenumber ν and can be determined from the following
equation

σ(v) =
ln[I0(v)/I(v)]

Nt
, (7)

where I0(ν) and I(ν) are the incident light intensity and the
output light intensity, N is the number of rare-earth ions per
unit volume, and t is the thickness of the sample. The cal-
culated absorption cross sections from the absorption spectra
by using Eq. (7) are shown in Fig. 7. The intrinsic transitions
of Er3+ from ground state 4I15/2 to the excited states 4I13/2,
4I11/2, 4I9/2, 4F9/2, 4S3/2, 2H11/2, 4F7/2, 4F5/2,3/2, 2H9/2,
and 4G11/2 are observed. For each absorption transition, the
barycenter wavenumber is calculated from the following for-
mula

v̄ =
∫

σ(v)vdv∫
σ(v)dv

. (8)

The experimental oscillator strengths are derived from
Eqs. (4) and (5). The Judd–Ofelt intensity parameters of Er3+

in unannealed and annealed samples are calculated via the
least squares method by using Eqs. (4)–(6) and are shown in
the last row of Table 1. The theoretical oscillator strengths are
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obtained from Eq. (6). For comparison, all the calculated re-
sults for the samples unannealed and annealed for 20 min are
listed in Table 1. The calculation errors are estimated accord-
ing to the following formula

δ =

√√√√∑
i
( f i

ex− f i
th)

2

M−3
, (9)

where i presents the i-th transition, M is the number of in-
volved transitions, f i

ex− f i
th represents the difference between

theoretical and experimental oscillator strengths. From Ta-
ble 1 it can be seen that the calculation errors are rather small,
and that the optical transition intensity parameters for both the
samples are very similar. This means that the Judd–Ofelt cal-
culations are reliable; meanwhile the introduction of Ag parti-
cles does not bring obvious influence on the optical transition
properties of Er3+ in the glass. Thus, we can be sure that the

fluorescence enhancement of Er3+ is not due to the change of
radiative transition properties of Er3+ in germanate glass.
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Fig. 7. (color online) Absorption cross section of Er3+ in unannealed
and 20-min-annealed samples.

Table 1. Peak wavenumber values of absorption cross-section, the experimental and the theoretical oscillator strengths of absorption
transitions, and the Judd–Ofelt intensity parameters of Er3+ in unannealed and 20-min-annealed samples.

Energy level
Barycentre wavenumber/cm−1

Oscillator strengths (×10−6)

unannealed 20-min-annealed

unannealed 20-min-annealed Experimental Theoretical Experimental Theoretical

4I13/2 6544.9 6545.3 145.01
87.86 (ed)

143.84
87.64 (ed)

54.02 (md) 53.38 (md)
4I11/2 9965.6 9959.8 43.83 44.61 43.25 44.89
4I9/2 12332.9 12331.7 22.55 31.83 27.12 30.28
4F9/2 15214.9 15214.1 191.25 184.75 181.49 178.34
4S3/2 18327.3 18330.3 34.3 29.66 34.92 29.8

2H11/2 19131.4 19131.7 896.34 935.85 900.86 938.71
4F7/2 20598.0 20596.1 118.35 142.07 123.03 140.09

4F5/2,3/2 22357.2 22355.5 44.55 56.54 44.83 56.79
2H9/2 24623.6 24621.8 48.75 47.99 47.62 47.69
4G11/2 26311.5 26311.7 1341.15 1287.08 1342.91 1291

unannealed/10−20 cm2: Ω2 = 5.49, Ω4 = 1.50, Ω6 = 0.69. Error: δ = 27.65×10−6

20-min-annealed/10−20 cm2: Ω2 = 5.65, Ω4 = 1.45, Ω6 = 0.70. Error: δ = 25.68×10−6

It has been reported that when the distances between

heavy metal particles and the neighboring particles are not

more than 10 nm, a 100 times more intense electromagnetic

near-field induced by the SPR can be obtained compared with

by the direct excitation in a plasmon-free case.[27] Since the in-

teraction distance between SPs and rare-earth ions is far larger

than the coordinate space of 4f electron wave functions of rare-

earth ions, the fluorescence enhancement can be obtained by

the SPR excitation. Furthermore, considering that there is no

resonant absorption of Er3+ at 488 nm, we deduce that the

mechanism for the fluorescence enhancement in our experi-

ments is the local field enhancement effect around Er3+ in-

duced by the SPR of Ag particles.[16]

4. Conclusions

Er3+-doped germanate glasses containing Ag particles
were prepared via a melt-quenching technique with post-
annealing treatment. The results of TEM and optical absorp-
tion spectra confirm the formation of Ag particles via the post-
annealing treatment. The fluorescence intensities of all the an-
nealed samples containing Ag particles each have an enhance-
ment compared with that of the unannealed one. The quotient
spectra of the fluorescence spectra are calculated and confirm
that all of the emission spectra have the same profiles, indicat-
ing that the crystal field environment of Er3+ occupied sites is
unchanged. The optical transition properties are studied in the
framework of Judd–Ofelt theory. It is found that the absorption
cross-section range from 6× 103 cm−1 to 3× 104 cm−1 and
optical transition intensity parameters are almost unchanged
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no matter whether there are Ag parties in the glass. The results
indicate that the introduction of Ag particles has no influence
on radiative transition property of Er3+. Thus, the most prob-
able mechanism for the observed fluorescence enhancement is
the field enhancement effect induced by the SPR of Ag parti-
cles in germanate glass.
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