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ABSTRACT: Nanoparticles suspended in polymeric host
materials are found to have tremendous potential for vari-
ous photonic and biological applications due to their
unique material properties. Polymethyl methacrylate
(PMMA) is known to be one of the best vinyl polymers
owing to its excellent dimensional quality, weather resist-
ance, easiness of synthesis, resistance to laser damage, and
high mechanical strength. In this article, we describe a
methodology to fabricate thin discs of nanocrystalline er-
bium oxide (Er2O3) suspended in PMMA (Er2O3/PMMA).
The optical transparency of PMMA was confirmed in the
ultraviolet, visible, and the near-infrared regions of the
electromagnetic spectrum, making it possible to observe
only the Er2O3 spectra over the wavelength investigated.
The room-temperature absorption spectrum of Er2O3/

PMMA has been taken in the 400 to 820 nm wavelength
region. Analysis of the spectrum reveals a consistent agree-
ment between our experimental data and those reported
earlier for Er3þ in nanocrystalline Er3þ : Y2O3. A solid solu-
tion exists between Er2O3 and Er3þ : Y2O3 in terms of their
physical properties. Therefore, our experimental results
conclude that the presence of PMMA does not significantly
alter the crystal symmetry as well as the co-ordination
environment of the Er3þ ions in Er2O3. Our results also
emphasize that the Er2O3/PMMA may have future possi-
bilities for numerous technological applications. VC 2011
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INTRODUCTION

Polymeric host materials have drawn significant
attention in recent years due to their major techno-
logical applications such as polymer optical fiber
amplifiers, integrated waveguides, and fluorescence
and laser systems.1–5 Studies have proven that poly-
mers can be easily deposited on any kind of
substrates commonly used for telecommunication
purposes.6 Additionally, polymer host materials are
found to have multifunctional characters such as
nonlinear optical and laser responses, making them
useful as optical switches, modulators, multiplexers,
and frequency converters.6–8 It has been found that
nanoparticles suspended in polymeric hosts (poly-
mer nanocomposites) are slated for applications in
fuel cells due to their exceptional qualities of
improved conductivity, toughness, and permeabi-
lity.9 Studies have shown that there is a limitation of
lack of water-resistant capacity when these nanopar-
ticles are doped into several of the nonpolymeric

host materials.10 It is possible to offset this deficiency
by suspending them in polymeric compounds.11 The
major advantage of polymer nanocomposites is their
ability to be drawn into flexible optical fibers
thereby making them potential candidates for vari-
ous photonic applications such as light emitting
diodes and organic based lasers.5,12,13

Nanoparticles that are doped with trivalent rare-
earth (RE3þ) ions possess several unique spectro-
scopic properties such as sharp absorption and
fluorescence, determined by the gradual filling of
their 4f shells and the ionic radii.14 Moreover, the
RE3þ doped materials are found to have excellent
photoresistance and long-lasting fluorescence prop-
erties.15 Latest studies have reported that RE3þ-
doped nanophosphors emit energy in the visible
wavelength range through upconversion mecha-
nisms.16–19 Among the entire group of RE3þ ions, tri-
valent erbium (Er3þ) ions have been extensively
studied and applied in the technologies of large-
scale communication systems such as fiber ampli-
fiers and infra-red lasers where they serve as the
active centers for emission of photons and the ampli-
fication of IR radiation.20 Moreover, Er3þ ions doped
into cubic yttrium oxide (Er3þ : Y2O3), are found to
have tremendous applications as high optical and
thermal quality laser materials.10,15,21–26 With the aid
of newer technologies, the more expensive single
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crystal form of Er3þ : Y2O3 is being replaced by its
ceramic and thin film counterparts, thereby reducing
the material costs and possessing unique physical
characteristics more appropriate for current device
applications.25,27–31 Detailed studies have been per-
formed on the mechanical, thermal, and optical
properties of these newer materials either in their
pure form or as polymer composites.6,32–35

Recently, the authors have reported the synthesis
and optical characterization of Nd3þ : Y2O3 nano-
crystals doped into a polymer named polymethyl
methacrylate (PMMA).36 PMMA is known to be one
of the best vinyl polymers for its unique material
properties such as excellent dimensional quality,
good weather resistance, simple synthesis technique,
resistance to laser damage, and high mechanical
strength.5,12,37,38 Studies have reported the occur-
rence of amplified-spontaneous emission in Nd3þ

doped PMMA.39 Sun et al.40 have shown that
Eu(DBM)3Phen doped PMMA can be used to de-
velop the laser and amplifier of polymer waveguide.
It has also been shown that the laser gain coefficient
of Er3þ : Y2O3 nanoparticles codoped with trivalent
cerium (Ce3þ) and ytterbium (Yb3þ) ions, increases
when suspended in the PMMA polymer matrix.6

There has been reported the occurrence of efficient
energy-transfer phenomena from Er3þ to other RE3þ

ions such as holmium (Ho3þ), dysprosium (Dy3þ),
and thulium (Tm3þ).41–43 It is also important to note
that Er2O3 is of noticeable interest as a host crystal
in which the excitation of Er3þ ions may be trans-
ferred to other RE dopants.24 Hoskins et al. have
proved the efficiency of Ho3þ : Er2O3 as a unique
laser host material which itself provides the pump-
ing mechanism by means of energy transfer.44

In this article, we present the fabrication of thin
discs of a potential luminescent polymer PMMA
suspended with nanocrystalline Er2O3, abbreviated
as Er2O3/PMMA, and the spectroscopic characteriza-
tion of the Er3þ manifolds in it. A detailed study has
been performed on the room-temperature absorption
spectra of all the Stark energy levels between 12,280
and 22,610 cm�1 of Er3þ ion in C2 sites of Er2O3 in
PMMA. The spectral energy values are compared
with the previously obtained experimental energy
(Stark) levels for the nanocrystalline Er3þ : Y2O3

35

covering the same wavelength range.

EXPERIMENTAL

Synthesis and morphology

The Er2O3 nanoparticles of approximately 25 nm in
diameter were prepared through a hydrothermal
precipitation method. The detailed methodology of
synthesis has been reported in our previous article.31

Monomers of methyl methacrylate [MMA, VWR-

TCM0087, 99.8%, inhibited with 300 ppm of mono-
methyl ether of hydroquinone (MEHQ)] were passed
through a commercially available (Sigma-Aldrich)
inhibitor column to remove the inhibitor. Approxi-
mately, 3 mL of the resulting uninhibited MMA so-
lution was poured into a glass vial, to which we
added 2, 20-azobisisobutyronitrile (AIBN) as the ini-
tiator in a molar ratio 1 : 1000 with respect to the
MMA solution to begin the polymerization. After
stirring well, Er2O3 nanoparticles were added in a
molar ratio 1 : 5 with respect to the entire solution.
The final solution was stirred well with continued
vigorous stirring at 100�C. The polymerization pro-
cess begins approximately in an hour. The solution
is heated for an additional 3 hours at the same tem-
perature and then allowed to cool overnight. The
solid Er2O3/PMMA sample is cut and polished into
thin discs having an approximate diameter of 1 cm
and a thickness of 2 mm. In the same way, a refer-
ence sample of pure PMMA was made with AIBN
as initiator in the 1 : 1000M ratio for a comparison
study of the absorption spectra of Er2O3/PMMA.
The temperature was regulated to the required fixed
values by conducting the stirring and heating steps
inside a water-bath system which was kept at 100�C.
We used a scanning electron microscope (Hitachi

S-5500 SEM), a transmission electron microscope
(JEOL 1230 TEM), and a high resolution transmission
electron microscope (JEOL JEM-2010F TEM) to reveal
the appropriate size, shape and distribution of the
nanoparticles. The individual nanoparticles are found
to be three-dimensional cubic-shaped structures with
an average diameter of 25 nm. Figure 1 shows the
SEM and TEM images of the Er2O3 nanoparticles. X-
ray powder diffraction (XRD) analyses of the similar
samples35,45 have verified the cubic bixbyite structure
of the Y2O3 and therefore that of Er2O3 samples.
Studies show that the crystal structure is same for
both the Er2O3 and Y2O3 and a solid solution exists
between their physical properties.46,47 The detailed
morphology has been depicted in one of our recent
publications6 which includes various microscopic
images and size distribution histogram of the Er3þ :
Y2O3 nanoparticles synthesized using the same meth-
odology and containing 0.3 atm % of Er3þ ions. The
HRTEM images revealed the presence of three dis-
tinct sets of lattice planes, with interplanar lattice
spacings of 3.06, 2.62, and 1.83 Å representing the
d222, d440, and d400 lattice planes of cubic Y2O3,
respectively. Additionally, the HRTEM images have
also verified that the nanoparticles are free from any
apparent lattice defects or dislocations.31,45

It has already been shown that Er2O3 has the
same cubic bixbyite crystal structure as Y2O3; the
crystal structure has the Ia3(T7

h) space group with
16 f. u. in the unit cell, possessing 24 yttrium sites
having C2 (noninversion) symmetry and 8 yttrium
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sites having C3i (inversion) symmetry.46–48 The simi-
larities between the emission spectra analysis we
reported for the Er3þ : Y2O3

31 and the experimental
and theoretical analyses reported earlier by Kisliuk
et al.23 and Chang et al.,49 respectively, for Er3þ :
Y2O3 in bulk crystals confirm that our nanoparticles
also have the same cubic structure. Er3þ ions can
substitute into both the C2 and C3i cation sites.48,50,51

Even though both electric and magnetic dipole (ED
and MD) transitions are reported between the 4I15/2
and 4I13/2 manifolds of Er3þ in ceramic Er3þ :
Y2O3

25, the inversion symmetry of the C3i site pre-
cludes the observation of forced-ED transitions
between the Stark levels involving other mutiplet
manifolds of Er3þ, including those reported in this
study. Consequently, all the observed transitions
given in Table I can be assigned to the electronic
transitions for ions occupying the C2 sites.

The room-temperature absorption spectrum was
taken on the Er2O3/PMMA samples using an
upgraded Cary model 14R spectrophotometer. The
spectrum was taken at 0.1 nm intervals and the
spectral bandwidth was automatically maintained at
about 0.05 nm for all measurements. The optical
transparency of the pure PMMA has already been
verified in the 300 to 1600 nm wavelength range.36

The absorption spectrum taken on the Er2O3/PMMA
covers the range from 400 to 820 nm and consists of
seven Er3þ(4f11) absorption bands centered around
444, 453, 489, 522, 549, 652, and 804 nm, correspond-
ing to the 4F3/2,

4F5/2,
4F7/2,

2H (2)11/2,
4S3/2,

4F9/2,
and 4I9/2 (2Sþ1LJ) multiplet manifolds, respectively.
Figure 2 shows the absorption spectrum (in solid
black lines) of the Er2O3/PMMA sample in the 400
to 850 nm range depicted above the baseline absorp-
tion spectrum (in dotted circles) of the PMMA refer-
ence sample. The Er2O3/PMMA spectrum represents

transitions from individual Stark energy levels of the
ground-state manifold 4I15/2 to the seven upper
manifolds mentioned earlier. Transitions are also
observed from Z2 ¼ 38, Z3 ¼ 75, Z4 ¼ 88, and Z5 ¼
159 cm�1 excited Stark levels in addition to those
from the ground-state Stark level Z1. These excited
Stark level transitions, known as ‘‘hot-bands,’’ are
characterized by changes in absorption intensity in
the excited Stark levels in the spectra recorded at
higher temperatures.35 Spectra obtained by the Cary
14 spectrophotometer at wavelengths shorter than
400 nm and beyond 850 nm are not sufficiently
resolved to establish the detailed crystal-field split-
ting of the multiplet manifolds.

RESULTS AND DISCUSSIONS

Thin discs of trivalent erbium (Er3þ) doped erbium
oxide (Er2O3) nanoparticles suspended in the
PMMA matrix were fabricated and studied for the
optical properties of Er3þ ions in the Er2O3/PMMA
medium. The nanoparticles used for this purpose
were synthesized using a hydrothermal precipitation
method. They were found to be cubic having an
average diameter of 25 nm. SEM, TEM, and HRTEM
characterization techniques were used to study the
morphology of these nanoparticles. Figure 1 shows
the SEM and TEM images of the synthesized Er2O3

nanoparticles. The details on synthesis and morphol-
ogy can be found in Ref. 31 for the Er3þ : Y2O3 nano-
particles, synthesized using the same methodology
and containing 0.3 atm % of Er3þ ions. As men-
tioned earlier, the HRTEM images distinctly showed
the presence of d222, d440, and d400 lattice planes
characteristic for the cubic Y2O3 and Er2O3. Addi-
tionally, no apparent lattice defects or dislocations
were found the HRTEM images of the nanoparticles.

Figure 1 SEM and TEM images of the Er2O3 nanoparticles.
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TABLE I
Stark Level Analysis of the Room-Temperature Absorption Spectrum of Er31 in Er2O3/PMMA

2Sþ1LJ k (nm) aa (cm�1) Label Transition Eexp
b (cm�1) Nanocrystalline Eexp

c (cm�1)

4I9/2 814.10 0.62 1 Z2!W1 12,280 12,285
811.50 0.69 2 Z1!W1 12,319 12,324
810.20 0.30 3 Z4!W2 12,339 12,345
809.32 0.17 4 Z3!W2 12,353 12,357
806.75 0.25 5 Z2!W2 12,392 12,397
804.40 2.21 6 Z4!W3 12,428 12,424
804.20 2.08 7 Z1!W2 12,431 12,435
801.80 0.37 8 Z4!W5 12,469
799.70 1.12 9 Z3!W4 12,501 12,500
798.87 0.68 10 Z1!W3 12,514 12,514
798.00 0.84 11 Z3!W5 12,528 12,529
797.23 0.38 12 Z2!W4 12,540 12,538
795.63 0.85 13 Z2!W5 12,565 12,566
795.25 1.04 14 12,571
794.90 0.83 15 Z1!W4 12,577 12,576
793.30 1.81 16 Z1!W5 12,602 12,605

4F9/2 664.80 1.92 17 Z3!V1 15,038 15,044
663.10 1.41 18 Z2!V1 15,077 15,082
661.40 5.73 19 Z4!V2 15,115 15,110
661.04 3.17 20 Z1!V1 15,124 15,121
659.70 4.40 21 Z2!V2 15,154 15,160
658.00 4.98 22 Z1!V2 15,193 15,199
657.40 1.69 23 Z3!V3 15,207
655.85 4.24 24 Z2!V3 15,243 15,242
655.40 3.28 25 Z3!V4 15,254 15,257
654.76 4.13 26 15,269
654.30 8.34 27 Z1!V3 15,279 15,280
653.72 5.44 28 Z2!V4 15,293 15,294
652.15 9.04 29 Z1!V4 15,330 15,333
651.40 3.31 30 Z3!V5 15,347
649.35 3.07 31 Z2!V5 15,396 15,399
647.90 3.99 32 15,430
647.65 5.39 33 Z1!V5 15,436 15,437
647.35 3.22 34 15,443

4S3/2 551.03 0.89 35 Z4!U1 18,143 18,143
549.70 1.02 36 Z2!U1 18,187 18,194
548.46 2.17 37 Z1!U1 18,228 18,233
547.14 2.05 38 Z2!U2 18,272
545.93 1.87 39 Z1!U2 18,312 18,321

2H(2)11/2 529.54 0.54 40 Z5!T1 18,879 18,880
527.00 7.93 41 Z3!T2 18,970 18,967
526.50 9.23 42 Z4!T3 18,988 18,984
526.10 9.23 43 Z2!T2 19,003 19,006
525.80 6.94 44 Z2!T2 19,013 19,006
525.25 9.78 45 Z1!T1 19,033 19,038
524.45 8.11 46 Z1!T3 19,062 19,073
523.05 11.54 47 Z3!T4 19,113 19,110
522.35 13.38 48 Z2!T4 19,139 19,149
521.35 13.38 49 Z1!T4 19,176 19,168
520.65 10.56 50 Z2!T6 19,201 19,203
520.25 8.95 51 Z1!T5 19,216 19,207
519.80 10.25 52 Z1!T6 19,233 19,243

4F7/2 493.30 2.02 53 Z4!S1 20,266 20,256
492.40 1.91 54 Z2!S1 20,303 20,306
491.55 3.38 55 Z1!S1 20,338 20,345
491.10 2.39 56 Z3!S2 20,357 20,361
489.90 3.12 57 Z1!S2 20,407 20,398
489.25 4.57 58 Z1!S2 20,434 20,437
488.55 3.35 59 Z2!S3 20,463 20,467
487.75 2.78 60 Z1!S3 20,497 20,506
486.80 1.52 61 Z2!S4 20,537 20,534
486.15 0.91 62 Z1!S4 20,564 20,573
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After verifying the optical transparency of PMMA,
the room-temperature absorption spectra for the
Er2O3/PMMA samples were taken in wavelength
range from 400 to 820 nm and shown in Figure 2.
Figures 3–5 show the room-temperature absorption
spectra of the 4S3/2,

4F9/2, and 4I9/2 manifolds,
respectively. The spectra remain sharp and well-
defined for the selected wavelength range. The
detailed Stark level analyses of the manifold transi-
tions at room-temperature are given in Table I.
Column 1 represents the spectroscopic notation
of the corresponding 2Sþ1LJ multiplet manifolds.

Columns 2 and 3 enlist the nanometer scale wave-
lengths and the corresponding absorption coeffi-
cients in cm�1, respectively, for the Stark transitions
identified from the absorption spectra. The individ-
ual peaks in the absorption spectra are conveniently
labeled using numbers beginning with 1 and are
listed in column 4. Column 5 has identified most of
the transitions based on a comparative study of the
energy values published earlier.35 The additional
structure found at 647.90 and 647.35 nm (given in
column 2 of Table I) appear as satellite structure to
the relatively intense peak at 647.65 nm from

TABLE I. Continued

2Sþ1LJ k (nm) aa (cm�1) Label Transition Eexp
b (cm�1) Nanocrystalline Eexp

c (cm�1)

4F5/2 455.85 0.32 63 Z4!R1 21,931 21,929
455.55 0.42 64 Z3!R1 21,945 21,942
455.10 0.61 65 Z2!R1 21,967 21,979
453.80 1.22 66 Z3!R2 22,030
453.35 1.23 67 Z1!R1 22,052 22,049
452.65 0.43 68 Z1!R2 22,086 22,081
451.35 0.43 69 Z2!R3 22,150
450.76 0.30 70 Z1!R3 22,179 22,173

4F3/2 447.70 0.07 71 Z2!Q1 22,330 22,330
446.35 0.04 72 Z1!Q1 22,398
444.66 0.55 73 22,483 22,494
443.83 0.67 74 Z2!Q2 22,525
442.69 0.33 75 Z1!Q2 22,583
442.15 0.27 76 22,610

a Absorption coefficient in cm�1.
b Experimental energy values in cm�1 (this work).
c Experimental energy values for nanocrystalline Er3þ : Y2O3 (Ref. 35).

Figure 2 Room-temperature absorption spectrum of PMMA and Er2O3/PMMA.
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Z1!V5. Also, the 795.25 and 654.76 nm peaks were
not assigned. These peaks may be due to a minority
site although the origin of all four peaks is unknown
at this time. Column 6 gives the experimental energy
values in cm�1 corresponding to the nanometer
wavelength values given in column 2 of Table I. For
a comparison analysis, Stark energy levels for the
nanocrystalline Er3þ : Y2O3 sample35 have been
included in column 7 of Table I. As mentioned ear-
lier, the crystal structure is the same for both the
cubic Er2O3 and Y2O3 and in terms of the physical
properties, a solid solution exists between them.46,47

Our spectroscopic analyses show that the optical
properties of the Er2O3 nanoparticles embedded in
PMMA have many significant similarities with their
single-crystal counterparts grown by a flame fusion

method.23,24,49 This reveals that the optical symmetry
of Er3þ in the nanocrystals is similar to that in the
bulk crystalline phase. Additionally, the results
show a reasonable agreement between the Stark
energy values given in column 6 and 7 of Table I for
some selected manifolds of Er3þ in the nanocrystal-
line Er2O3/PMMA and Er3þ : Y2O3

35samples, respec-
tively. Moreover, in one of our recent publications,36

it has been verified that the presence of PMMA does
not effectively alter the co-ordination environment of
the RE3þ ions. As mentioned earlier, when sus-
pended in the PMMA matrix, the laser gain-coeffi-
cient is found to be increased for the Er3þ : Y2O3

nanoparticles codoped with Ce3þ and Yb3þ ions.6

Studies have also reported the occurrence of energy
transfer phenomena from Er3þ to other RE3þ ions
such as Ho3þ, Dy3þ, and Tm3þ. Therefore, our analy-
ses and comparison results can lead to a quantitative
study of such interion excitation transfer. In conclu-
sion, the optical transparency of PMMA for a very
wide region of optical wavelengths, the sharp
absorption peaks obtained at room-temperature for
the Er2O3/PMMA sample, and the easiness of
codoping other RE3þ ions into the Er2O3/PMMA
matrix emphasize that our sample may have future
possibilities in various fields such as laser amplifiers
and telecommunication devices.

CONCLUSIONS

We have described an inexpensive and easier meth-
odology to suspend the nanoparticles of Er2O3 in the
PMMA matrix. The room-temperature absorption
transitions for the sample have been studied
in detail for the seven 2Sþ1LJ multiplet manifolds,
4F3/2,

4F5/2,
4F7/2,

2H(2)11/2,
4S3/2,

4F9/2, and
4I9/2.The

Figure 3 Room-temperature absorption spectrum of the
4S3/2 manifold for the Er2O3/PMMA sample.

Figure 4 Room-temperature absorption spectrum of the
4F9/2 manifold for the Er2O3/PMMA sample.

Figure 5 Room-temperature absorption spectrum of the
4I9/2 manifold for the Er2O3/PMMA sample.
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experimentally obtained Stark energy levels for the
above-mentioned manifolds have been analyzed in
detail and compare favorably with the results
obtained for the nanocrystals of Er3þ : Y2O3

35The
unique material properties of PMMA and the sharp
Stark energy transitions and their excellent agree-
ment with those previously obtained for the Er3þ :
Y2O3 nanocrystal35 show that the Er2O3/PMMA
samples described in the present study may serve as
an excellent host for many photonic applications. In
addition, our results also confirm that the PMMA
matrix does not significantly alter the crystal struc-
ture or the Er3þ symmetry in the Er2O3 nanopar-
ticles. Finally, the results obtained from this study
indicate that PMMA is an excellent host material for
interion energy transfer studies between RE3þ ions,
and the optical properties investigated here suggest
numerous technological applications are possible
involving laser systems and fiber-optic telecommuni-
cation devices.

The authors acknowledge Dr. Leonard Francis Deepak at the
Physics Department and Dr. Waldemar Gorski and Dr.
Maogen Zhang at the Chemistry Department of the UTSA
for their insightful suggestions on this project.
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