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Phosphate glasses having compositions (59.5�x)P2O5�40MgO�xAgCl�0.5Er2O3, where x = 0, 1.5 mol.% is
prepared using melt-quenching technique. Infrared, absorption and photoluminescence spectra of Er3+-doped
magnesium phosphate glasses have been reported. The amorphous nature of the host glass is con�rmed by X-ray
di�raction technique. Transmission electron microscope image con�rms the existence of silver nanoparticles inside
the glass matrix. The localized surface plasmon resonance band of silver is found to be located around ≈ 528 nm
for the Er3+ free sample. A frequency upconversion process from infrared to visible is observed on excitation with
797 nm radiation. Furthermore, an enhancement in the emission at 540 nm and 632 nm is found due to the local
�eld e�ect of silver nanoparticles. Our �ndings may contribute towards the development of solid state laser and
sensors.
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1. Introduction

Rare-earth doped glasses containing metallic nanopar-
ticles (NPs) are attractive because the presence of NPs
can enhance the upconversion (UC) luminescence [1�3]
and the nonlinear properties [4] suitable for optical device
applications. The resonance of the surface plasmon fre-
quency of the NPs with the frequency of excitation beam
and/or the materials luminescence frequency makes the
emission enhanced by many folds [5]. Amongst many
other glasses the P2O5 based glasses �nd widespread
applications in optical data transmission, detection and
laser technologies [6]. They present superior properties
that include high transparency, low melting point, high
thermal stability, high gain density, high solubility for
rare-earth ions and low dispersion [7]. Current research
is primarily focused on the enhancement of UC lumines-
cence and quantum e�ciency minimizing the concentra-
tion quenching and multiphonon relaxation. The local
�eld e�ect around the rare-earth ions plays a major role
and thereby it is believed to enhance the UC lumines-
cence and needs more careful theoretical and experimen-
tal study. Therefore, in the present study Er3+ doped
phosphate glasses with and without silver NPs are pre-
pared using the conventional melt-quenching method and
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their UV-Vis absorption and UC luminescence are per-
formed for the optical characterization. The role of the
silver NPs in enhancing the red and green emissions of
Er3+ ions are investigated in detail and a mechanism is
proposed to explain this phenomenon.

2. Experimental

The following compositions are tried: glass E: 59.5
P2O5�40 MgO�0.5 Er2O3; glass AE: 58 P2O5�40 MgO�
1.5 AgCl�0.5 Er2O3; glass A: 59 P2O5�40 MgO�1.0 AgCl.
The ingredient chemicals including P2O5 (Fluka, 95%),

AgCl (Chemicals GmbH, 99%), Er2O3 (Sigma-Aldrich,
99.99%) and MgO (Merck, 97%) were weighed, mixed
thoroughly and then put into the furnace at 400 ◦C for
10 min. The temperature of the furnace was raised slowly
from 400 ◦C to 1100 ◦C at a rate of 10 ◦C/min. The mix-
ture was kept at 1100 ◦C for 1.5 h in order to achieve
complete melting. After the complete melting of the
mixture, it was quenched on a mould of stainless steel
placed inside the second furnace at 300 ◦C and is allowed
to anneal at this temperature for 3 h after which it was
allowed to cool slowly to the room temperature. Finally,
the glass samples were cut with a size of ≈ 2× 2 cm and
thickness ≈ 0.3 cm and polished for optical and spec-
troscopic measurements. The amorphous nature of the
sample is con�rmed by X-ray di�raction (XRD) measure-
ments (Bruker D8 Advance di�ractometer) using Cu Kα

radiations (λ = 1.54 Å) at 40 kV and 100 mA with 2θ
ranges from 0 to 60◦. Transmission electron microscope
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(TEM) measurements are made (TEM 2100, JEOL) with
an acceleration voltage of 200 kV to �nd the nucleation of
silver NPs. Specimens for TEM are prepared by dispers-
ing the powder sample in acetone using ultrasonic bath.
The solution is then placed onto copper grid and then let
to dry before it got ready for characterization. For the
infrared (IR) measurements the glasses were powdered
and mixed with KBr in order to obtain thin pellets. The
IR spectra were obtained with Perkin-Elmer Spectrum
One Fourier transform IR (FTIR) spectrometer. Shi-
mazu UV-3101PC scanning spectrophotometer (Kyoto,
Japan) is employed to measure visible and near infrared
absorption spectra in the range 190�2000 nm. Perkin
Elmer LS-55 luminescence spectrometer (U.K.) is used
for recording emission spectra.

3. Results and discussion

3.1. X-ray di�raction technique

Figure 1 illustrates the XRD patterns con�rming the
amorphous nature of the host glass.

Fig. 1. XRD pro�le of glass E.

3.2. Transmission electron microscopy

TEM image clearly shows the existence of silver NPs
(Fig. 2a). Figure 2b shows the high resolution TEM
(HRTEM) of one single NP. The obtained lattice con-
stant is 2.13 Å which is comparable to that of bulk Ag
(d200 = 2.05 Å, JCPDS No. 030931). Hence the NPs
observed are indeed the Ag NPs [8].

3.3. Fourier transform infrared spectroscopy

Figure 3 shows the IR spectra for the samples with and
without silver NPs. The most intense peak is located at
823 cm−1 attributed to the symmetrical stretching vi-
bration of P�O�P bonds. Other prominent absorption
signal which originates from the (PO3)

2− asymmetric vi-
brations can be seen around 1041, while the peak around
642 cm−1 is assigned to P�O�P bending vibrations.
Peak around 688 cm−1 is attributed to P�O�P sym-
metric stretching vibrations, moreover the peak around
1237 cm−1 is due to (PO2)

− asymmetric stretching vibra-
tions. Due to the hygroscopicity of the samples there is a

Fig. 2. (a) TEM image for sample EA, (b) HRTEM of
one single NP in glass EA.

Fig. 3. IR spectra for sample E and EA.

peak around 1506 cm−1 due to free H2O molecules. Ob-
served peaks and their assignments are shown in Table.
By looking at the IR spectra closely one can also see the

slight increase in the intensity of the bands around 642,
823 and 1237 cm−1 as the silver concentration increases.
From the above results we can conclude that the presence
of silver NPs produces a distortion in PO4 units as well
as an attenuation of the P=O bond.

TABLE
Peaks observed and their assignment.

Peaks observed
in all samples

Peak assignmentsa

642 δ (P�O�P)

688 νs (P�O�P)

823 νs (P�O�P)

1041 νas (PO3)
2−

1237 νas (PO2)
−

1511 free H2O molecules

Abbreviations: δ � deformation, ν � stretching,
s � symmetric, as � asymmetric.
aRefs. [9�13].
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3.4. UV-VIS-NIR absorption spectroscopy

The measured absorption spectra of Er3+ doped
glasses in the range of 200�1600 nm shows ten absorption
bands as depicted in Fig. 4. These bands include 4I13/2,
4I11/2, 4I9/2, 4F9/2, 4S3/2, 2H11/2, 4F7/2, 4F5/2, 2G9/2,
4G11/2 transitions. The spectra of all the glasses display
narrow features related to the 4f�4f electronic transi-
tion of Er3+. One new erbium free sample containing
1.0 mol.% of AgCl (glass A) is prepared and surface plas-
mon resonance (SPR) band is found to be located around
≈ 528 nm. The position of SPR band also gives evidence
that it overlaps with strong 2H11/2 band of Er3+ in previ-
ous sample containing both Er3+ and Ag. The emergence
of SPR band along with TEM con�rms the complete re-
duction of silver (Ag+ → Ag0), however the existence of
other species of silver (ions, dimers and trimers) is likely
[14�16].

Fig. 4. (a) Absorption spectra of glass E and EA,
(b) SPR position of silver NPs in glass A.

3.5. Photoluminescence (PL) spectroscopy

Figure 5 represents the luminescence spectra for Er3+

doped phosphate glass (a) without AgCl, (b) with
1.5 mol.% AgCl under the excitation wavelength 797 nm.
The two bands observed with peaks ≈ 540 nm and
≈ 632 nm are designated to the 4S3/2� 4I15/2 and
4F9/2� 4I15/2 transitions, respectively. From Fig. 5 it is
evident that the UC intensity enhances with increasing
the NPs concentration. This enhancement is again due to
the presence of local �eld e�ect in the vicinity of the rare-
-earth ions [17]. Furthermore, it is found that the green
emission at 540 nm due to Er3+ transition (4S3/2� 4I15/2)
is much in�uenced by the silver NPs compared to the
red emission at 632 nm (4F9/2� 4I15/2). These enhance-
ments are attributed due to the presence of silver NPs.
Moreover, the rapid increase in the intensity of the green

band as compared to the red band can be explained by
considering the charge cloud e�ect of the plasmon band.
The rapid increase of the green band compared to the
far lying red bands is due to the fact that green band lies
more close to the plasmon frequency band of Ag. These
�ndings are in good qualitative agreement with other re-
ports [18].

Fig. 5. Luminescence spectra of glass E and EA.

Fig. 6. Simpli�ed Er3+ energy level scheme with indi-
cation of the transitions observed.

The excitation mechanism can be explained using the
energy level scheme shown in Fig. 6. The incident photon
is �rst absorbed by the Er3+ ion and gets transferred
to the upper energy level 4I9/2 (4I15/2 → 4I9/2). The
ion decays nonradiatively from level 4I9/2 to the lower
excited level 4I11/2. Finally, it absorbs another photon
and then gets promoted to 4F5/2 and 4F3/2 levels. The
excited ions in 4F5/2, 4F3/2 levels decay non-radiatively
to 4S3/2 and from this state, decay radiatively to 4I15/2
state, and nonradiatively to the 4F9/2 state, followed by
radiative decay through 4F9/2 → 4I15/2 transition.
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4. Conclusion

In summary, optical and structural investigation of
Er3+ doped, silver NPs embedded phosphate glass is car-
ried out. The XRD spectra con�rm the amorphous na-
ture of the host glass. TEM image shows the existence of
silver NPs inside the glass host and from HRTEM the ob-
tained lattice constant is 2.13 Å. From IR spectroscopy it
is clear that the presence of silver NPs produces a distor-
tion in PO4 units as well as an attenuation of the P=O
bond. From UV�VIS�NIR spectroscopy a strong SPR
band is found to be located at 528 nm for an Er3+ free
sample. This is clear from the current study that upcon-
version emission is sensitive to rare-earth doped glasses
containing metallic NPs and can be enhanced by many
folds in the presence of these nanoparticles. The enhance-
ment is attributed to the local �eld e�ect of silver NPs.
Our �ndings may contribute towards the development of
solid state laser and sensors.
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