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Luminescent Nanomaterials, a newly emerging field at the
frontier of science, provide challenges to both fundamen-
tal research and breakthrough development of technologies
in various areas such as electronics, photonics, nanotech-
nology, display, lasing, detection, optical amplification, fluo-
rescent sensing to biomedical engineering, and environmen-
tal control. Luminescent nanomaterials come in many forms
such as nanoclusters, quantum dots, tubes, wires, cages, balls,
and nanostructured units. They can be made up of rare
earth elements, semiconductors, metals, oxides, and inor-
ganic and organic polymers; however, the investigation on
the synthesis-structure-property relationship is still in infant
stages. In general, luminescent nanomaterials have unique
properties which greatly differ from those of microscale and
bulk materials.

The aim of this special issue on “Luminescent Nanomate-
rials” is to bring to readers up-to-date advances in the funda-
mental understanding of the luminescent mechanism related
to nanosizes and nanostructures, up-conversion effect, en-
ergy transfer for enhanced emission, transient spectroscopy
on a femtosecond time scale of silver plasmon. Furthermore,
this special issue aims at stimulating apply-oriented research
in the technologies above mentioned. Therefore, this special
issue, covering a broad range of topics on luminescent nano-
materials, should be of interest to its readership.

Finally, we would like to acknowledge those who assisted
the editing of this issue, including our authors, reviewers, the
staff of Hindawi Publisher, and Dr. Michael Z. Hu Editor-
in-Chief of Journal of Nanomaterials. Professor Minh, Head
of guest editors, wants to thank each guest editor for the
achievement of this special issue on “Luminescent Nanoma-
terials”.

Le Quoc Minh
Wieslaw Strek
Tran Kim Anh

Kui Yu
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Luminescence, energy transfer, and upconversion mechanisms of nanophosphors (Y2O3 : Eu3+, Tb3+, Y2O3 : Tm3+, Y2O3 : Er3+,
Yb3+) both in particle and colloidal forms were studied. The structure, phase, and morphology of the nanopowders and nanocol-
loidal media were determined by high-resolution TEM and X-ray diffraction. It was shown that the obtained nanoparticles have
a round-spherical shape with average size in the range of 4 to 20 nm. Energy transfer was observed for Y2O3 : Eu3+, Tb3+ colloidal
and powders, upconversion transitions were observed for both Y2O3 : Er3+ and Y2O3 : Er3+, Yb3+ nanophosphors. The dependence
of photoluminescence (PL) spectra and decay times on doping concentration has been investigated. The infrared to visible con-
version of emission in Y2O3 : Er3+, Yb3+ system was analyzed and discussed aiming to be applied in the photonic technology.

Copyright © 2007 TranKim Anh et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

Luminescent nanomaterials in the form of nanoparticles,
nanorods, nanowires, nanotubes, as well as colloidal or bulk
nanocrystals are of interest not only for basic research, but
also for interesting application [1–3]. High surface to vol-
ume ratio, local phenomena such as absorption or change
in the surface electronic state may contribute significantly to
special properties. An understanding of luminescent proper-
ties, energy transfer (ET), and upconversion could determine
how to tailor nanophores for a given application. Nanoma-
terials have potential application as efficient display phos-
phors, such as in new flat panel displays with low-energy
excitation source [2, 3]. Y2O3:Eu3+ phosphor, one of the
most promising oxides-based red phosphors, was studied for
a long time because of its efficient luminescence under ul-
traviolet (UV) and cathode-ray excitation. Y2O3:Eu3+ with
micrometer size grains was used as the red component in
three chromatic lamps and projection color television [4–6].
Numerous studies were focused on synthesis and optical
properties of nanosized Y2O3:Eu3+ phosphors [7–10]. Size-
dependence efficiency in Y2O3:Tb3+ [11] and effect of grain

size on wavelength of Y2O3:Eu3+ [12] were investigated. Dif-
ferent methods were used to prepare Y2O3:RE3+ nanocrystals
[13–19] such as chemical vapor synthesis [15], combustion
[16, 17], sol-gel [18], and aerosol pyrolysis [19]. Relation-
ship between optical properties and crystalline of nanome-
ter Y2O3:Eu3+ phosphor has been investigated [20]. The new
method of polyol-mediated synthesis of nanoscale materi-
als was presented [21, 22] and the luminescence properties
of nanocrystalline Y2O3:Eu3+ were investigated [23]. Anh
et al. studied the ET between Tb3+ and Eu3+ in Y2O3 mi-
crocrystals [4]. The role of the active center concentrations
in the ET of lanthanide ions was investigated not only for
Y2O3:Tb3+, Eu3+, but also for organic compound glutamic
acid as well as LnP5O14 laser crystals [24]. ET and relaxation
processes in Y2O3:Eu3+ were studied [25]. Preparation and
optical spectra of trivalent rare earth ions doped cubic Y2O3

nanocrystal have received our considerable attention over 10
years [10, 16, 26–33]. Not only the Eu3+-Tb3+ couple, but
also the Er3+-Yb3+one are attractive for application in visible
emission by ET and upconversion processes. Among emis-
sion properties of Y2O3 doped with rare earth ions, upcon-
version is the most attractive phenomenon not only from
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photophysic mechanism, but also for application. The en-
hancement of the red emission via upconversion in bulk and
nanocrystalline cubic Y2O3:Er3+ has been studied [34]. Red,
green, and blue upconversion luminescences of trivalent rare
earth ion doped Y2O3 nanocrystals were investigated [35].
Effect of Yb3+codoping on the upconversion luminescence
properties of Y2O3:Yb3+, Er3+ nanocrystallines and nanos-
tructures have been studied [36–38]. The absorption and
emission spectroscopy of Er3+-Yb3+ doped aluminum oxide
waveguides were reported [39].

The oxide lattice has proved to be an excellent host ma-
terial for some of the most powerful laser built. Among
them, Y2O3 is characterized by low-phonon frequencies
which make inefficient nonradiative relaxation of the excited
states. The Y2O3 host was chosen due to its high refrac-
tory properties with a melting point of about 2450◦C, a very
high thermal conductivity of 33 W m−1 K−1, and a density of
5.03 g cm3. Y2O3 is a suitable material for photonic waveg-
uide due to its high-energy band gap of 5.8 eV, a high re-
fractive index about 2, and a wide transmission region from
280 nm to 8 micrometer. Eu3+ exhibits an atomic-like transi-
tion in red region at 612 nm. Er3+ emissions lie in infrared
around 1530 nm as well as upconversion in visible ranges
of green and red. The blue emission of Tm3+ ions is one of
the three important basic colors of display. However, up to
now, few articles were devoted to Y2O3 doped with Tm3+ and
codoped with Tb3+, Eu3+ or Yb3+, Er3+ in both the nanopow-
der or nanocolloidal forms.

In this work, we report on new synthesis of Y2O3

nanophosphor in the two forms of powders and colloidal
doped with Tb3+, Eu3+, Tm3+, Er3+, and Yb3+. The concen-
tration dependence and the influence of size on the lumi-
nescent properties will be discussed. The investigation of ET
between Tb3+ and Eu3+, and the mechanism of upconversion
in Y2O3:Er3+, Yb3+ nanosize are of the main points.

2. EXPERIMENT

The powder nanophosphors Y2O3:Eu3+ (1–10 mol%),
Y2O3:Er3+ (1–15 mol%) and Y2O3:Er3+ (1 mol%), Yb3+

(5%), and Y2O3:Tm3+ (1–4 mol%) were prepared by com-
bustion reaction. Europium oxide (99.995%, CERAC),
Yttrium oxide (99.999%, ALFA), and nitric acid and urea
(99%, SIGMA-ALDRICH) were used as starting raw mate-
rials to prepare Y2O3:Eu3+. Y(NO3)3 and RE(NO3)3 stock
solutions were prepared by dissolving Y2O3, Er2O3, Yb2O3,
and Eu2O3 in nitric acid and diluting with deionized water.
The synthesis reaction is [28]

(2− 2x)Y(NO3)3 + 2x RE(NO3)3 + 5(NH2)2CO

−→ (Y1−xREx)2O3 + 5CO2 + 8N2 + 10 H2O.
(1)

Nanocolloidal samples of Y2O3, Y2O3:Eu3+, Tb3+,
Y2O3:Tm3+ with different Eu3+ concentrations of 1, 3,
5, 7, and 10 mol%, Tb3+ concentration of 1.25 mol%, and
Tm3+ concentrations of 1–4 mol% were prepared by a direct
precipitation route from high-boiling polyol solution [22].
The starting materials were YCl3, EuCl3, TbCl3, TmCl3,
NaOH, and diethylene glycol (DEG) with high purity grade.

The samples were checked by the X-ray diffractome-
ter (D5000, Siemens). The morphology and particle sizes
of Y2O3:RE3+ were observed by transmission electron mi-
croscopy (TEM, H7600, Hitachi), high-resolution trans-
mission electron microscopy HRTEM Philips CM200, 160
KV, and FE-SEM (S4800, Hitachi). Photoluminescent mea-
surements were performed using a Jobin Yvon HR 460
monochromator and a multichannel CCD detector from in-
struments SA model Spectraview-2D for the visible and near
infrared range and a Triax 320 with a PDA multichannel 256
pixels detector for the IR range. The decay time was ana-
lyzed by a PM Hamamatsu R928 and Nicolet 490 scope with
a time constant of the order of 7 nanoseconds. Kimmon He-
Cd laser (325 nm excitation), Nitrogen laser (337.1 nm), and
Diode laser or Ti-Sapphire laser were used as the excitation
sources.

3. RESULTS AND DISCUSSION

3.1. Morphology and structure of nanopowders
and nanocolloidal media

Figure 1 shows TEM and HRTEM images of Y2O3 nanocol-
loidal and electron diffraction of Y2O3 nanoparticles. One
can notice that our samples are spherical shaped, small sized
(5 nm), and with narrow distribution.

The synthesis of useful amounts of sub 5 nm size
lanthanide-doped oxides remains a challenge in optical ma-
terial research. A few weeks ago, stable colloidal was pre-
pared and has been reported in [22]. For the first time,
nanocolloidal codoped Tb3+ and Eu3+ and oxide particle
suspension were prepared in our laboratory. The transpar-
ent suspensions of particles dispersed in organic solvent
were obtained with high stability for a year. The absorp-
tion spectra of the colloids have been characterized with
a strong and broad band for Y2O3, Y2O3:Eu3+, Y2O3:Tb3+,
Y2O3:Tm3+, Y2O3:Eu3+, Tb3+ nanoparticles in the long range
from 230 nm to 380 nm with the maxima around 240–
250 nm.

X-ray diffraction of Y2O3:RE3+ samples annealed at dif-
ferent temperatures was studied. The pure polycrystalline
Y2O3 was used as standard sample for the correction of
the instrumental line broadening. The profiles of diffract-
ing peaks were fitted to the ps-voigt1 function. The grain
sizes and size distribution have been determined by the WIN-
CRYSIZE program packet [40]. The column length distri-
bution can be obtained from double differentiation of the
Fourier transform of the line profile [41]. According to this
method, the reflection intensity of the given set of lattice
planes is expressed in terms of a sum of the intensities
from all columns of lattice cells perpendicular to the planes
[42, 43].

Figure 2 exhibits X-ray diffraction (XRD) patterns of
Y2O3:Eu3+ (5%) annealed at 500, 550, 600, 700, and 900◦C.
The powder annealed at 500◦C is amorphous. The Y2O3 cu-
bic phase appears when annealed above 550◦C.

The main diffraction peaks, in agreement with the JCPDS
41-1105 reference, correspond to the [222], [400], [440], and
[622] planes. However, the widths of the diffraction lines are
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Figure 1: (a) TEM, (b) HRTEM images of Y2O3 nanocolloidal, and (c) the corresponding electron diffraction pattern of Y2O3 nanoparticles.
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Figure 2: (a) XRD diffraction pattern of Y2O3:Eu3+ (5 mol%) pow-
ders annealed at 500◦C, (b) 550◦C, (c) 600◦C, (d) 700◦C, and (e)
900◦C.

broadened because of the small size of the crystallites. Then
they get narrower and narrower at higher temperatures. This
process reflects the fact that the crystalline size is increasing
with temperature of annealing process. The peak profiles of
[222] reflection (in Figure 2, at 2θ = 29.150) were used for
starting data of Warren-Averbach method [41]. This method
was used to study nanocrystalline gold [42]. It was noted that
the results of the average column length usually differ from
crystallite sizes evaluated from Scherer equation [43]. The
main reason is due to the Warren-Averbach method which
provides a volumetric average of the crystallite size. We can
see that the size distributions for small grains <10 nm have
asymmetrical shape with small FWHM (of the size distribu-
tion), while for bigger grains they become more symmet-
rical and their FWHM are larger. The size distribution of
Y2O3:Eu3+ (5%) versus annealing temperature and time cal-
culated by Warren-Averbach method is presented in Table 1
and Figure 3.

The XRD of Y2O3:Er3+ 10 mol% nanomaterials (an-
nealed at 600◦C for 30 minutes) also shows a cubic symmetry
like the Y2O3 reference powder. The FWHM of the diffrac-
tion lines for nanomaterials is larger than that of the Y2O3

crystals. The sizes are about 7 nm and 23.4 nm, respectively,
the FWHM of the size distribution for the nanopowder is
11 nm and 20.1 nm for the sample annealed at 600◦C for 30

Table 1: Size and FWHM of Y2O3:Eu3+ particles versus annealing
temperature and time.

T (◦C) Time (min) d (nm) FWHM (nm)

550 60 4.4 7.3

600 30 5.6 6.9

700 30 15.2 9.3

900 30 46.1 20.6

900 60 72.2 22.6

minutes and at 800◦C for 30 minutes, respectively. These data
were also calculated by using the Warren-Averbach method.
For the Y2O3:Tm3+ nanophores, the mean sizes of the parti-
cle are 7.2, 7.4, and 7.7 nm, respectively, with Tm3+ concen-
trations of 0.1, 1, and 4 mol%.

3.2. Luminescent spectra

Size-dependent efficiency was reported in Tb-doped Y2O3

nanocrystalline phosphor [11]. In Y2O3:Tb3+ nanocrys-
talline, the efficiency varied as the square of the particle size
ranged from 100 to 40 Å. It could be nonradiative contri-
butions decrease with the decrease in particle size. On the
other hand, effects of grain size from 43 nm to 71 nm on
wavelength of Y2O3:Eu3+ emission spectra are investigated
in detail [12]. The blue shift effect of emission was observed
very small in Y2O3:Eu3+ nanophosphor. In contrast, we could
not find any blue shift change in the luminescent spectra of
Y2O3:Eu3+ prepared by combustion reaction.

The photoluminescent (PL) spectra of Y2O3:Tb3+

nanocolloidal correspond to the 5D4-7FJ transitions accord-
ing to the energy diagram and fluorescence processes of Tb3+

[5] (Figure 4(a)).
The PL spectra of Y2O3:Eu3+ nanocolloidal with differ-

ent concentrations (from 1 to 10 mol%) under 337.1 nm N2

laser excitation show narrow emission peaks corresponding
to the 5D0-7FJ (J = 0, 1, 2, 3, 4) transitions of Eu3+, with the
most intense peak at 611 nm for the case of J = 2. Figure 4(b)
presents the luminescent spectra of Y2O3-doped 1, 3, 5, 7,
and 10% Eu3+ nanocolloidal under 337.1 nm N2 laser excita-
tion. The PL spectra of Y2O3:Eu3+ nanocolloidal also indicate
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Figure 3: Size distribution calculated by W-A method of Y2O3:Eu3+ (5%) powder annealed in 30 minutes at the temperatures of 550◦C,
600◦C, 700◦C, and 900◦C.
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Figure 4: (a) Luminescent spectra of Y2O3:Tb3+ nanoparticles excited at 325 nm, (b) luminescent spectra of Y2O3 doped 1% Eu, 3% Eu, 5%
Eu, 7% Eu, and 10% Eu nanoparticles (from colloidal) excited by N2 laser at 337.1 nm.

that not any quenching of the PL intensity for Eu3+ concen-
tration up to 10 mol%. Y2O3 presents a cubic structure with
lattice constant a = 1.0604 Å. The primitive unit cell contains
80 atoms (48 O and 32 Y), Y atoms occupy two sites with
the C2 and S6(C3i) symmetry site. Our samples of Y2O3:Eu3+

nanopowder and nanocolloidal present a clearly dominant
typical C2 symmetry site.

For the Y2O3:Tm3+ phosphor, luminescent intensity is
stronger and synthesis temperature is lower in the case of
nanocolloidal than in the powder’s one. From excited lumi-
nescence spectra one can notice that optimal intensity was
observed when excited by 362 nm. The luminescent spectra

of Y2O3:Tm3+ nanopowder under 362 nm excited were pre-
sented in Figure 5.

The spectra of nanocolloidal and nanopowder under
337.1 nm excited are presented in the inset of Figure 5. The
position is not different, but the spectral resolution in the
nanocolloidal seems to be better in the powder.

The nanocolloidals have a narrow size distribution and
these spherical particles in the size range 5–10 nm are easy to
mix with water or polymer solution. That can explain why
the quenching concentration of Eu3+, Tm3+, and Er3+ has
been raised remarkably. This nanocolloidal media is useful
for preparing optical thin films.
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and nanopowder (2) under 337.1 nm excitation.

3.3. Energy transfer and upconversion mechanisms

The role of concentration, temperature, solvents as well as
upconversion, and ET mechanism were investigated in de-
tail for Y2O3 nanophores containing Eu3+, Tb3+, Er3+, and
Yb3+ rare earth ions [34]. ET between Tb3+ and Eu3+ in
nanopowder has been elucidated from the luminescent spec-
tra of (Y0.95EuxTby)2O3 (with x/y = 8/2, 9/1, 7/3) by Anh
et al. in our previous paper [28]. In Y2O3:Tb3+, Eu3+ sam-
ple, the spectra exhibits the well-known 5D0-7FJ line emis-
sions (J = 0, 1, 2, . . .) of the Eu3+ ion with the strongest line
for J = 2 at 612 nm in the red region. The peak at 546 nm
assigned to the 5D4-7F5 transition of Tb3+ ions is also ob-
served. But the intensity of this peak is much lower than the
peak corresponding to the 5D0-7F2 transition of Eu3+. The
peak at 546 nm was also lower for the Eu3+ and Tb3+ codoped
sample than the Tb3+ doped one. One can notice that the
emission spectra of Tb3+ in Y2O3 nanocrystal are slightly
quenched by Eu3+ ions due to energy transfer from Tb3+ to
Eu3+. The luminescent spectra of Y2O3:Tb3+ (1.25%), Eu3+

(5%), and Y2O3:Tb3+ (1.25%) nanocolloidals are shown in
Figure 6. The intensity of the Eu3+ emission based on energy
transfer from Tb3+ was analyzed in previous papers [28, 32].

Under 980 nm irradiation, upconversion spectra in the
visible range from 500 nm–700 nm of Y2O3 : Er3+ (dash
dot line) and Y2O3:Er3+, Yb3+ (solid line) are presented in
Figure 7(a). The Er3+-Er3+ upconversion mechanism is ex-
plained in accordance with the energy schema (Figure 7(b),
right). There is a great interest in the use of upconversion
materials for efficient conversion of infrared radiation to
visible light. This phenomenon has applications in several
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at 325 nm, inset to compare intensity of Tb3+ in Y2O3:1.25%Tb3+
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areas, such as upconversion lasing, and two photons fluo-
rescence imaging, cathodoluminescence, and other applica-
tions. The Er3+ ion finds uses in laser materials and opti-
cal amplifiers under ground- and excited-state transitions
near 800 and 980 nm, where high-power diodes are available
[5]. In Y2O3:Er3+ nanophosphor, the green and red fluores-
cence lines are observed in our samples after 800 nm excita-
tion, owing to the transitions (2H11/2,4 S3/2) → 4I15/2 (515–
575 nm) and 4F9/2 → 4I15/2 (640–690 nm) [26, 34]. Under
980 nm irradiation, the Er3+ ion is excited to the 4F7/2 state
via two successive energy transfers. An NIR photon from the
pump beam will excite an Er+3 ion from the 4I15/2 ground
state to the 4I11/2 state. Another Er3+ ion also in the 4I11/2

state and in close proximity will transfer its energy to the
initial ion, thereby exciting it to the 4F7/2 state. The lower
emitting levels are then populated via multiphonon relax-
ation and green and red emissions are then observed.

Interactions between two Er3+ ions cannot be ignored.
Following the addition of Yb3+ ions, this process is greatly
diminished due to the large absorption cross-section of the
Yb3+ ions. The Er3+ absorption cross-section at this 980 nm
wavelength is not very high. By the addition of Yb3+, pump-
ing promotes an electron from the 2F7/2 ground state to the
2F7/2 manifold of Yb3+; the excited Yb3+ ion then transfers its
energy to the Er3+ 4I11/2 level (Figure 7(b)).

Since the population of the 4I13/2 level was increased, the
lifetime was also increased. Two deleterious processes can
also occur: via back energy transfer from Er3+ to Yb3+ ions,
or double energy transfer, where a second excited Yb3+ ion
transfers its energy to the Er3+ ion and promotes one electron
from the 4I11/2 to the 4F7/2. When the Yb3+ concentration is
enhanced, the Er3+ ions start to “see” Yb3+ ions and delete-
rious Er3+↔Er3+ energy exchanges are progressively replaced
by the beneficial Yb3+↔Er3+ transfers.
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Comparing codoped Y2O3:Er3+, Yb3+ nanophosphors
with Er3+ concentration varying from 0.1 to 5 mol% and
5 mol% Yb3+, the optimal content for the luminescent inten-
sity at 1538 nm ( 4I13/2-4I15/2 transition) is 1 mol% Er3+. The
upconversion in the red region 640–675 nm presents also a
maximum for 1 mol% Er3+. The effect of Er3+ concentration
on upconversion luminescence of Y2O3:Er3+, Yb3+ is com-
plicated depending on the power of the excitation laser. Red
upconversion luminescence is caused by a two-photon pro-
cess, when excitation power is high enough, as to the samples
with lower concentration of Er3+ the intensity of green light
is weaker than that of red light because more ions will non-
radiatively decay from higher levels to 2H11/2 and 4S3/2 levels
[30].

An advantage offered by our nanophosphors over the
two-photon excitable organic dye is that the upconversion
process in the Y2O3:Er3+, Yb3+ nanophosphor occurs by se-
quential multistep absorption through real states and is thus
considerably stronger. One can use a low-power continuous
wave diode laser in the near infrared region to excite the
upconverted emission. By contrast, the two photon absorp-
tion in organic dyes that is directed (simultaneous) requires
a high-peak power pulse laser source for two-photon absorp-
tion through a virtual state. Figure 8 shows the luminescent
intensities of the band at 564 nm and 1538 nm versus the ex-
citation power at 803.7 nm of a diode laser.

3.4. Study energy transfer based on the
decay times of fluorescence

The decay curves of Eu3+ and Tb3+ of Y2O3:Eu3+, Tb3+

nanopowders for Eu3+/Tb3+ = 9/1, 8/2, and 7/3, respectively,
(for 5 mol% rare earth ions) are presented in Figure 9(a)
(Eu3+ emission at 612 nm) and Figure 9(b) (Tb3+ emission
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Figure 8: Luminescent intensities of the band at 564 nm and
1538 nm versus the excitation power at 803.7 nm.

at 546 nm). The decay curves being nonexponential, we have
considered the normalized area SN under the decay curve.
The lifetimes of Eu3+ are 940, 360, and 650 microseconds for
the case Eu3+/Tb3+ = 9/1, 8/2, and 7/3, respectively. The life-
times of Tb3+ decreased from 400 microseconds to 175 mi-
croseconds for the case Eu3+/Tb3+ = 9/1, 8/2, respectively, by
ET process.

The results have indicated that the ratio between
Eu3+/Tb3+ plays an important role in the ET process. The
most effective ET is clearly for the sample with Eu3+/Tb3+

ratio of 8/2. The ET between Tb3+ and Eu3+ has been also
investigated in Y2O3 crystals [4] and in Tb1−xEuxP5O14 crys-
tals [44]. Site-selective spectra and time-resolved spectra
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nanophosphor versus Er3+-concentration, under excitation at
970 nm.

of Y2O3:Eu3+ nanocrystal were investigated [45]. Recently,
Hongei Song studies the dependence of photoluminescent
properties of cubic Y2O3:Tb3+ nanocrystal on particles size
and temperature [46]. Up to now, our group is the only
group which has studied energy transfer between Tb3+-Eu3+

in nanophosphors (powder and colloidal) of Y2O3 codoped
with Tb3+-Eu3+.

In studying the decay behavior of the infrared emission
of the 4I13/2-4I15/2, transitions of Er3+ at 1535 nm depend-
ing on the Er-concentration from 1, 2.5, 5, 7, 5, 10, up to
15 mol% have been measured for Y2O3:Er3+ phosphor and
presented in Figure 10. Under 970 nm excitation, the decay

times are not purely exponential. There are two kinds of life-
times: the short lifetimes are 250, 150, 35, and 15 microsec-
onds in the case of 1%, 2.5%, 7.5%, and 15% Er; the sec-
ond long lifetime decreases from 1300, 620, and 110 mi-
croseconds to 80 microseconds, respectively. The lifetime of
the emission IR increases as the concentration decreases. As
for luminescence, it would be interesting to obtain a series
of samples prepared under the same conditions and hav-
ing undergone more significant temperatures of annealing,
one could then determine the temperature from which one
observes effects extinction. Lastly, let us note that the re-
sults of the spectra and the decays are coherent between
them.

3.5. Application potential

Flat panel displays (FPDs) are thinner, lighter, and con-
sume less than the conventional cathode-ray tube (CRT)
displays. The field emission displays (FEDs) are the most
promising FPDs technology. Rare earth-yttrium oxide is
one of the important materials for application not only for
FEDs, but also for waveguide and laser host. Enhancement
of cathodoluminescent and photoluminescent properties of
Y2O3:Eu3+ luminescent films by vacuum cooling were ob-
served [47], structural and optical properties of rare-earth-
doped Y2O3 waveguides grown by pulsed-laser deposition
were studied [48]. Growth of rare earth (RE-) doped con-
centration gradient crystal fibers and analysis of dynamical
processes of laser resonant transitions in RE-doped Y2O3

(RE = Yb3+, Er3+, Ho3+) were also studied [49]. Nanos-
tructured ZnO/Y2O3:Eu3+ for use as in luminescent poly-
mer electrolyte composites was presented [50]. Thin films
were prepared [51, 52] in order to apply for FPDs. The
upconverting nanophores for bioimaging were presented in
detail by Prasad [53]. The lifetimes of the nanophosphors
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contained rare-earth ions in the range of millisecond and
microsecond are compared to organic dye fluorescence with
a lifetime typically in nanosecond. Specially, in our insti-
tute infrared cards were successfully proposed by mixing
Y2O3:Er3+, Yb3+, or Y2O3:Er3+ with polymethylmethacry-
late (PMMA) with active imaging area of 20×20 mm2. These
cards allow to detect a diode laser emitting at 980 nm with
power of 7 mW/cm2. The red (655 nm–675 nm) or the green
(520 nm–570 nm) emissions could be observed in depend-
ing on the concentration of Er-Yb couple. They are stable
under 980 nm irradiation in the tropical conditions with
humidity near to 90%. The optical coding systems based
on the nanophosphors with ET luminescent and upconver-
sion effect contained Eu3+-Tb3+ (excitedby UV light at 370,
365, 337.1, and 325 nm) and Er3+-Yb3+ activators (excited
by diode laser at 800 nm, 980 nm) have been successfully
developed for examination of commercial products, ban-
knote [28, 54, 55], nanobarcodes [53], or planar waveguide
[56].

4. CONCLUSIONS

In this paper, we have presented two simple and efficient
methods to prepare highly luminescent Y2O3 nanophosphor
doped with Eu3+, Tb3+, Tm3+, Er3+, and Yb3+. The average
size and its distribution of the nanophosphor can be tailored
sharply in nanoscale.

The optical properties and photophysic process, espe-
cially ET in Y2O3 host matrix, have been investigated and
elucidated for improving the luminescence and upconver-
sion processes.

Y2O3 nanophosphor in colloidal media with averaged
size of 5 nm, narrow distribution, and spherical shape was
successfully prepared. The colloidal are transparent and well
stable at the concentration of 10%. The luminescence was
strong and energy transfer was observed in Y2O3:Tb3+,
Eu3+. The upconversion emission from Y2O3:Er3+, Yb3+

nanophosphor is remarkable for developing an infrared dis-
play card. Y2O3:Tm3+ together with both Y2O3:Tb3+, Eu3+

and Y2O3:Er3+, Yb3+ is good candidate for interesting appli-
cation such as infrared cards and coding cards or biosensors.
The transparent colloidal could be a promising approach for
fabricating an optoelectronic thin film with higher optical
quality.
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1. INTRODUCTION

Phosphors are efficient luminescent materials and irreplace-
able components of light-emitting devices like cathode ray
tubes (CRTs), plasma display panels (PDPs), and field emis-
sion displays (FEDs). The last ones have gained a great inter-
est [1] and have been recognized as one of the most promis-
ing technologies in the flat panel displays (FPDs) market [2–
6] due to their most important features like great brightness,
wide horizontal and vertical view angles, good contrast ra-
tio, high efficiency with a low power consumption, short re-
sponse time, and wide work temperature range. The PDPs
in contrast to the liquid crystal displays (LCDs) [7] are char-
acterized by low contrast ratio, low view angle, and narrow
operating temperature range, but they have low efficiency
and high power consumption resulting in overwarming dur-
ing work [6, 8, 9]. Such behaviors do not appear in FEDs
at all. Additionally, FEDs have high brightness (3000 cd/m2)
and very high efficiency (2 W/10.4′′). The only problem that
appears in FEDs is that the operating time is shorter than
in the case of other described technologies. This problem is
connected with progressive degradation of vacuum level in
the display space [10–13]. There are three main sources of
gasses in FEDs. The first one is the gas emitted during de-
vice encapsulation process [11]. The second source of gasses
is the employment of inappropriate materials (e.g., porous
glasses) in the device construction [10, 13]. The third and
most important source of gasses is improper type of phos-
phors [6, 10, 12, 13]. Examples of that class of phosphors

are semiconductors and insulators containing sulfur in the
host material composition [10, 14–20], for example, ZnS,
ZnSO4, and Y(La,Gd)2O2S. The example of the abovemen-
tioned influence of SO2 and other gasses on FED operation
has been presented in detail and discussed in work [12]. For
the same reasons CdS, PbS, and Zn(Cd)S phosphors or even
CdSe/ZnS quantum dots composites need to be eliminate
[6, 21]. Besides, they consist of harmful cadmium and lead
which classified those materials as dangerous and disquali-
fied from commercial application.

Other problem is a decrease of cathodoluminescence effi-
ciency by negative loading of grain surface in phosphor layer.
That is why the electrical conductivity of phosphors should
be high enough to avoid charge accumulation [18, 22, 23].

The above considerations lead to a conclusion that new
class of phosphors needs to be applied in field emission dis-
plays. One of the most promising solutions is rare-earth
(RE) doped garnets, oxides, silicates, and some perovskites
[14, 18–20, 24–26]. Unfortunately, most of them are insu-
lators. This disadvantage could be neutralized by modula-
tion of phosphor grain size. At present, a large majority of
efforts concentrate on application of nano- and eventually
submicron-size particle phosphors [27–36]. Some experi-
mental [36, 37] and theoretical considerations [38] promote
as the most efficient phosphors with submicron grain size
of spherical shape [39]. However, nanoparticle phosphors
could be appropriate for low voltage FED application [38].
Besides, they have a lot of other advantages and create new
possibilities [16, 17, 39, 40]. In some cases, the preparation
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of nanocrystalline phosphors requires much less tempera-
ture and time in comparison with conventional micro- or
submicro-size grains [16, 39, 40]. Application of small grains
close to spherical shape influences the efficiency of the phos-
phor layer and the quality of the displayed picture [39]. The
employment of such materials allowed for optimal packag-
ing of grains, avoids cutting of the picture spot and decreases
scattering of emitted light in the layer [39]. Moreover, appli-
cation of nanocrystalline luminescent powders allowed the
fabrication of very thin light emitting film and fundamen-
tally decreased the total resistance of phosphor layer. The
thickness of the layer is connected with lower amount of
gasses bound between the phosphor grains [40]. The effluent
of those gasses during device operation can affect degrada-
tion of vacuum level and seriously shorten the display oper-
ating time [12, 13].

Another potential benefit connected with application of
nanocrystals is a possibility of increasing conductivity of
phosphors by mixing them with transparent, conductive
naonocrystalline powders [41–43].

Recently, another approach towards increasing phosphor
conductivity is an application of more conductive host ma-
terials like RE doped stannous oxide nanopowders [44–46].
The electrical, structural, and optical properties of SnO2 [47–
49] have focused attention on similar phosphors.

According to the above assumptions, the RE doped nano-
crystalline oxides or garnets (Y2O3, SnO2, and Y3Al5O12)
[50] seem to be very promising candidates for FED phos-
phor application. The question is about their efficiency in
comparison with conventional, commercially available, mi-
crograin size phosphors. A very important question is also
the CIE (Commission Internacional d’Eclairage) coordinates
of the phosphors. The coordinates should be suitable for ap-
plication in field emission displays.

To answer these questions, we have performed the sys-
temic studies of the nanocrystalline RE doped oxides. In par-
ticular, we have been focusing on the grain size effect on ef-
ficiency of low-voltage cathodoluminescence. We expect that
the results and discussion presented in this work will con-
tribute to the application of RE doped nanocrystalline phos-
phors in FED devices.

2. EXPERIMENTAL

The following nanocrystalline RE doped oxides were chosen
for our studies: Eu3+:Y2O3, Tb3+:Y2O3, Tb3+:Y3Al5O12(Tb:
YAG), Ce3+:YAG, and Tb3+:YAG /Eu3+:YAG. The phosphors
have been synthesized by modified Pechini method [40, 51,
52]. The powders were sintered at different temperatures to
obtain a different grain size. The structures of fabricated ma-
terials were confirmed by X-ray diffraction (XRD) by means
of a stoe powder sensitive detector, filtered CuKα1 radiation.
The average grain sizes were estimated form broadening of
diffraction peaks, by using Scherrer equation [40, 51]. In this
work, we presented the results calculated only for europium
and terbium doped yttria samples (see Figure 1). The pow-
ders were then deposited by electrophoresis [53–55] on ITO
glass slides [56]. As a surfactant, magnesium nitride has been
used. In the last part of the procedure, the substrates were
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Figure 1: The XRD patterns of (a) Eu:Y2O3 and (b) Tb:Y2O3

nanocrystallites sintered in different temperatures.

hold in temperature of about 450◦C to consolidate the layer
by transforming MgOH+ into MgO. In the future attempts,
it is worth to replace Mg(NO3)2 by indium nitride or appro-
priate indium and tin salts.

The CL measurements [40] of the phosphor layers have
been done in the setup earlier described by us [57]. The con-
ditions of measurement device will simulate real carbon nan-
otubes field emission display (CNT-FED) environment. The
cold cathode was made of double walled carbon nanotubes
(DWNT) deposited on ITO glass slide. The emissive proper-
ties of the cathodes made in that manner were presented else-
where [40, 57–59]. The distance between phosphor’s covered
anode plate and cathode plate was 250 μm [56, 57]. The ex-
perimental conditions and procedure were similar to those
described in [40, 50]. The current density of 0.9 mA/cm2

for 3.2 V/μm was registered for a diode configuration. The
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vacuum level in the device was determined to be 1×10−6

Torr. The low-voltage CL spectra (see Figures 2–5) were reg-
istered using CCD handy fiber spectrophotometer Avantes
350 with a 1000 nm spectral range and a 0.35 nm resolution.

In the second phase of the experiment, the nanopowders
(Eu3+:Y2O3, Tb3+:Y2O3) were sintered at different tempera-
tures (500◦C, 600◦C, 700◦C, 800◦C, 900◦C). Then, they were
mechanically mixed with a ZnS:Ag micrograin size phosphor
(Phosphor Technology) and with micrograins size Cr:Al2O3.
The micrograin size phosphors were chosen as the refer-
ence light emitting materials to study the effect of size of
nanograins on output light intensity. The mass ratio of ZnS:
Ag to Eu:Y2O3 was taken as 2:1, and in the case of Cr:Al2O3

to Tb:Y2O3, it is 4:1. The aim of this experiment was to ex-
amine the influence of grain sizes of nanopowders on in-
tensity of luminescence by reference to the peaks connected
with radiative transitions in ZnS:Ag (450 nm) and Cr:Al2O3
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(694,1 nm). This method allowed measuring the photo- and
cathodoluminescence properties. The grains size effect on
photoluminescence was examined for ZnS:Ag/Eu:Y2O3 sam-
ples. To compare the intensity of powders with different size
of nanograins, the samples with the microcrystalline pow-
der of Eu:Y2O3 (Phosphor Technology) as a reference have
been prepared. The medium grain size in this sample has
been specified by the supplier to be 3.5 μm. The samples
were excited using λexc= 266 nm of Nd:YAG laser system.
The high voltage cathodoluminescence (accelerating volt-
age U = 90 kV) has been measured in specially adopted BS
500 TESLA TEM microscope chamber on Cr:Al2O3/Tb:Y2O3

electrophoretically deposited layers. The results of both ex-
periments are depicted in Figures 6 and 7.
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3. RESULTS AND DISCUSSION

3.1. Structure

The XRD patterns of Tb:Y2O3 and Eu:Y2O3 nanocrystalline
powders shown in Figures 1 and 2 were measured for the
samples sintered at different temperatures. Following the
Scherrer formula, we have determined the average grain sizes
varying since 9 nm for 500◦C to 46 nm for 900◦C in the case
of Eu:Y2O3 (see Figure 1(a)), and since 10 nm to 50 nm in the
case of Tb:Y2O3 (see Figure 1(b)).

3.2. Cathodoluminescence

All the samples under investigation have demonstrated the
low-voltage cathodoluminescent properties. The intensity of
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Figure 8: A comparison of photoluminescence (λexc= 266 nm) of
Eu:Y2O3/ZnS:Ag blend with different sizes of Eu:Y2O3 nanocrystal-
lites. A comparison of Eu:Y2O3 intensity has been presented in the
middle of the figure.

emitted light has increased with increasing applied volt-
age (see Figure 5). The mixed Tb:YAG (green) and Eu:YAG
(red) powders have emitted the yellowish-white light (see
Figure 4). The spectra of nanophosphors were grouped and
depicted regarding colors to compare the spectra (see Figures
2 and 3).

3.3. Time stability

The time stability measurements on nanophosphors sub-
jected to cathodoluminescence process have been carried out
for the Ce:YAG nanophosphor. It was observed that after first
switch on light, the cathodoluminescence intensity stabilizes
after 50 minutes; the time stability of emitted light measured
in the next 50-minute period was satisfying (see Figure 6).
Following our earlier studies, we could suggest that this de-
lay is connected with time needed for cold cathode activa-
tion. Some residual contaminations should be removed from
CNT-ITO cathode surface.

3.4. CIE chromatic coordinates

The CIE chromatic coordinates were analyzed on example of
red light emitting phosphors. It is commonly known that the
coordinates and luminescent spectra depend strongly upon
doped ion and host [18]. Both Ce3+ and Eu3+ could by very
good examples as an experimental confirmation of this the-
sis. What is shown in this work analysis is focused on Eu3+

ion. The features of Pr3+ doped CaTiO3 has been also pre-
sented and compared to Eu:SnO2, Eu:Y2O3, Eu:Y2O2S (see
Figure 9). The emitted color transforms from deep bloody
red for Pr:CaTiO3 by fire red for Eu:Y2O2S and Eu:Y2O3 to
orange-red for Eu:SnO2. However, all examined phosphors
are able to use as red phosphors in FEDs and as component
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of white light emitting phosphor for light source. Moreover,
the Eu:SnO2/Pr:CaTiO3 and Eu:Y2O3/SnO2 may be mechan-
ically mixed with different mass ratios in order to tune the
CIE coordinates of phosphor.

3.5. Size effects

The dependences of Cr:Al2O3/Tb:Y2O3 cathodolumines-
cence and ZnS:Ag/Eu:Y2O3 photoluminescence on the grain
size are shown in Figures 7 and 8. The spectra were compared
and normalized to the peak connected with the Cr:Al2O3

phosphorescence for cathodoluminescence measurements
and to the peak connected with the ZnS:Ag luminescence
in the case of photoluminescence. It is seen that in the
nanophosphors, the light intensity increases with increas-
ing average grain size. Moreover, a comparison of the pho-
toluminescence spectra of micro- and nanograin sizes of
ZnS:Ag/Eu:Y2O3 blend has demonstrated that the intensity
of 3.5 μm grain size powder of Eu:Y2O3 (Phosphor Technol-
ogy) was about 70% of intensity of 46 nm grain size of eu-
ropium doped yttria nanocrystallites synthesized by modi-
fied Pechini method [25, 27, 40, 51, 52]. An enhancement
of the emission with grain size which is related to sintering
temperature could be rationalized by a concept of the effec-
tive refractive index. It is well know that the radiative pro-
cesses in nanocrystals of oxides doped with rare-earth ions
strongly depend on the size, shape, and refractive indices of
their surroundings [60–62]. The influence of the grains sizes
on the luminescence lifetimes of Nd3+ doped YAG particles
was earlier observed by Christensen et al. [60]. The emis-
sion intensity I is directly related with the Einstein coeffi-
cient for spontaneous emission A according to I = hυAN ,
where N is the population of centers emitting the energy
hυ. The Einstein coefficient A is simply related to the ef-
fective refractive index neff by the relation A ∝ χ S, where

χ = (neff

(
neff

2 + 2
)2

)/9 and S is the dipole strength. Follow-
ing the model of Meltzer [61], we may assume that the effec-
tive refractive index neff(X) = x ngrain + (1− x)nsurr is related
to the filling factor x which shows the fraction of the sample

volume occupied by nanocrystals (ngrain is the refractive in-
dex of the material of the grain, nsurr is the refractive index of
the medium surrounding the nanograins). Since for the same
mass of powders with the same concentration of luminescent
ions the filling factor is less for nanosize grains compared to
microsize grains, the effective refractive index will be bigger
for nanophosphors.

4. CONCLUSIONS

The results of present work clearly indicate that the nano-
crystalline RE doped phosphors may effectively replace the
microsize phosphors in FED devices. It is obvious that the
layer made of nanocrystallites can be much thinner com-
pared to the layer made of microsize phosphor grains. That
has an impact both on total resistivity of the layer and
amount of residual gasses bounded between the grains. Both
these factors influence the efficiency of the light source, long
time stability of the intensity of emitted light, and device
lifetime. The light intensity of examined phosphors was sta-
ble during measurements. The emitted light intensity had
increased with increasing applied voltage. A comparison of
photo- and cathodoluminescent intensities of the layers and
powders allows concluding that in the nanorange, the emit-
ted light efficiency increases with increasing grain size. The
second observation was that Eu:Y2O3 nanopowder (900◦C,
46 nm) was more efficient than commercially available mi-
crograin size phosphor (3.5 μm). The CIE chromatic coordi-
nates did not change with phosphor grain sizes.
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1. INTRODUCTION

Nowadays, a novel kind of luminescent polymers, namely,
polymer with amphiphilic groups, has been extensively stud-
ied because such kind of polymers possesses several advan-
tages. (1) They can offer particular properties compared
with the normal neutral polymers due to their ionic side
groups attached to the main chain. (2) Most amphiphilic
polymers are typically soluble in water or alcohol, which
are environment-friendly solvents. (3) Amphiphilic poly-
mers are important building blocks for nanocrystal assem-
bly via electrostatic interaction [1]. These advantages donate
amphiphilic polymers with much more extensive applica-
tions; they can be used as the active layer in light-emitting
diodes (LEDs) through layer-by-layer self-assembly method
[2]; they are considered as highly sensitive materials in bio-
logical [3] and chemical sensors as well [4].

Semiconductor nanocrystals (NCs) directly synthesized
in aqueous solution using water-soluble thio-compounds
as ligands have intrigued much interests in recent years,
because they are cheaper, less toxic, and biocompatible in
comparison with the ones prepared in nonaqueous synthe-
sis [5–8]. Many researchers pay attention to how to incor-
porate NCs into the polymers, because people expect that
the resulted NC-polymer composites will combine the ad-

vantages of both NCs and polymers. Luminescent poly-
mers with amphiphilic groups naturally become one of the
best choices to realize this aim. In our recent work [9, 10],
we have developed a novel method to incorporate NCs
into functional amphiphilic polymers. First, we designed
a novel amphiphilic copolymer of poly(9-vinylcarbazole-
co-octadecyl-4-vinylbenzyl-dimethyl-ammonium chloride)
(CPVKOVDAC) with blue fluorescence. Then, NCs in aque-
ous phase were transferred to organic phase using the poly-
mers to achieve NC-polymer multifunctional composites.
Moreover, this method provided a chance of incorporating
several different color-emitting NCs into a functional poly-
mer. Therefore, by incorporating two types of CdTe NCs hav-
ing two distinct PL emissions at 524 and 650 nm into the
polymer, white-light PL and electroluminescence (EL) have
been obtained from the solution processable NC-polymer
composite. However, the quantum yield (QY) of the com-
posites was low and hence we could not get the EL devices
with high efficiency.

In this paper, we directly grafted surfactant group on
poly(vinylcarbazole) (PVK) (see Scheme 1) in order to
achieve PVK-based amphiphilic polymer. Different CdTe
NCs prepared in aqueous medium were directly transferred
to the organic phase using the PVK-based polymers. Com-
pared with the CPVKOVDAC copolymer which we used in



2 Journal of Nanomaterials

H2
C

H
C

( )
nN

HCHO/HCl

110 ◦C, reflux

H2
C

H
C

( )
x

N

H2
C

H
C

( )
1−x

N

CH2Cl

N

(CH2)yCH3

80 ◦C, reflux

H2
C

H
C

( )
x

N

H2
C

H
C

( )
1−x

N

CH2

N⊕Cl�

(CH2)yCH3

(y = 7, 11, 17)

(a)

H2
C

H
C

( )
nN

HCHO/HCl

110 ◦C, reflux

H2
C

H
C

( )
x

N

H2
C

H
C

( )
1−x

N

CH2Cl

N

CH2CH3

CH3CH2 CH2CH3

80 ◦C, reflux

H2
C

H
C

( )
x

N

H2
C

H
C

( )
1−x

N

CH2

N⊕ Cl�

(b)

(c)

( )
m

( )
n

N

N⊕

Scheme 1: (a), (b) Synthesis route of PVK-N+ polymers. (c) The structure of CPVKOVDAC.

previous studies, the novel polymer had several advantages.
It was (1) simple to characterize and had (2) better prop-
erty of carrier transport. (3) The length of alkyl chains could
be changed easily, which allowed us to investigate the ef-
fect of alkyl chain length on the PL properties of NCs. (4)
The quantum yield of NCs had been improved by 50% due
to the shorter distance between carbazole groups and NCs.
The results of interaction between polymers and CdTe NCs
indicated that the CdTe NC-PVK-based composites would
possess good luminescent or photovoltaic properties just by
varying the content of CdTe NCs in the composites.

2. EXPERIMENTAL

2.1. Materials

Poly(9-vinylcarbazole) (Mw 90 000) and tellurium powder
(−200 mesh, 99.8%) were purchased from Sigma-Aldrich
Chemical Corporation (Mo, USA). 3-Mercaptopropionic
acid (MPA), thioglycolic acid (TGA), N, N-dimethyl oc-
tadecylamine, N, N-dimethyl dodecyl amine, N, N-dimethyl
octyl amine, and 4-vinylbenzyl chloride were purchased from
Acros Organics (UK). CdCl2 (99+%), NaBH4 (99%), and
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triethylamine were commercially available products. All of
the solvents had analytical grade and were used as received.

2.2. Synthesis of decorated PVK polymer

Concentrated hydrochloric acid (2.3 mL, 36.7%) and aque-
ous formaldehyde (1.25 mL, 30%) were added to a stirred
solution (0–5◦C) of PVK (1 g) in 1, 4-dioxane (100 mL). The
reaction mixture was allowed to warm to room temperature
and was stirred for 1 hour. The reaction mixture was then
heated to reflux for 4 hours. Cooling back to 80◦C, tertiary
amines were added to the reactant mixture and reacted for
4 hours. The mixtures were poured into a large amount of
methanol to remove the unreacted small molecules, and the
polymers were obtained by centrifugation. The polymer was
dissolved in chloroform and precipitated in methanol sev-
eral times to achieve pure decorated PVK polymer. Then, the
product was kept at 40◦C in vacuum overnight (FTIR (KBr):
2923, 2851 (v, C–H stretch vibrations in octadecyl), 1624,
1595 (two aromatic vibrations in carbazole moieties), 1482,
1449 (vibrations in five-membered ring of carbazole), 1325,
1227 (v, C–N stretch vibrations)).

2.3. Preparation of CdTe NC-PVK-based
polymer composites

A series of aqueous solutions of CdTe nanocrystals capped
with MPA or TGA was prepared according to previous re-
ports [11]. The polymer was dissolved in chloroform at some
concentration. The polymer solution was added to an aque-
ous CdTe solution (0.00125 N according to Cd2+) with vig-
orous stirring. The organic phase was then separated to yield
the CdTe NC-composite solution. The chloroform solvent
was removed under reduced pressure and the resulting com-
posite solids were kept in vacuum overnight. The composite
solid can be dissolved again in chloroform for characteriza-
tion.

2.4. Characterizations

FTIR spectra were recorded from a KBr window on a Nico-
let AVATAR 360 FTIR spectrophotometer. UV-Vis spectra
were acquired using a Shimadzu 3100 UV-Vis spectropho-
tometer. Fluorescence experiments were performed on a
Shimadzu RF-5301 PC spectrofluorimeter. NETZSCH STA
449C thermogravimetric analyzer (TGA) with a heating rate
of 10◦C/min, up to 800◦C, was used for the thermal degra-
dation of the polymers under nitrogen. Element analysis was
performed on Elementar Analysensysteme GmbH VarioEL.
The quantum yields (QYs) of CdTe NC-polymer composites
were determined using quinine sulfate (10−5 M in 0.5 mol/L
H2SO4) as reference. The absorbance at the excitation wave-
length was below 0.1 in order to avoid any significant reab-
sorption.
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Figure 2: (a) UV-Vis absorption spectra and (b) PL spectra excited
at 325 nm of the PVK-N+ polymers in chloroform.

3. RESULTS AND DISCUSSION

3.1. Synthesis and properties of
PVK-based polymer

PVKs have been considered as potential polymer hosts for
high-efficiency blue light-emitting diodes, and they found
applications in photovoltaics, photoconductive materials,
electroluminescence (EL) devices, photorefractive materials,
nonlinear optical devices, and so forth [12–16]. It has been
reported that chloromethylated PVK was functionalized with
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Table 1: Basic information of the PVK-N+ polymers.

Abbreviations of
the polymers

Tertiary amine used in the second
step of the reaction

Numbers of quaternary amine deco-
rated on the polymer chain per 100
carbazole moieties

Decomposition temperature
(◦C) (5% weight loss)

PVK-N+18 N, N-dimethyl octadecylamine 25 215

PVK-N+12 N, N-dimethyl dodecylamine 18 201

PVK-N+8 N, N-dimethyl octylamine 21 211

PVK-N+2 Triethylamine 15 209

Disperse Red 1 (DR-1) by Williamson ether synthesis [17].
Because of the higher reactivity of the carbazole ring to-
ward electrophilic substitution, a serious cross-linking re-
action occurred in preparation of chloromethylated PVK
using chloromethyl methyl ether and zinc chloride, lead-
ing to the low content of chloromethyl in the soluble
part of chloromethylated PVK. Consequently, further chro-
mophoric functionalization was not easy to complete. In our
studies, it was also found that the molecular weight, tempera-
ture of reaction, time of reflux, and so forth had an important
influence on the resulted polymers. The formation of cross-
linking polymers would occur if the experiment conditions
were not well controlled. Scheme 1 gives the synthesis route
of PVK-based polymer and Table 1 shows the basic informa-
tion of the polymers. For a given molecular weight of PVK,
for example, Mw = 90 000, the concentration of PVK in 1,
4-dioxane should be controlled below 10 mg/mL. The tem-
perature of reaction should be controlled at 80–110◦C. Tem-
perature below this will result in low degree of chloromethy-
lation and low yield of PVK-based polymer at last. The reflux
time must be shorter than 4 hours in the first step of the re-
action in order to avoid the formation of cross-linking poly-
mers. In the second step of the reaction, the tertiary amine
probably reacts with surplus hydrochloric acid in the first
step to form small quaternary amine molecules. Therefore,
we added excessive tertiary amine to insure that there was
enough tertiary amine to react with the chloromethylated
PVK polymers. The PVK-based polymer was dissolved in
chloroform and precipitated in methanol to delete the small
quaternary amine molecules. Figure 1 shows the FTIR spec-
tra of the PVK-based polymers. We can clearly observe strong
C–H stretch vibration peaks at 2923 and 2851 cm−1, which
resulted from alkyl in the amine moieties. The peaks at 1624
and 1595 cm−1 are attributed to the two aromatic vibrations
in carbazole moieties. The peaks at 1482 and 1449 cm−1 re-
sulted from the five-membered ring of carbazole. The peaks
at 1325 and 1227 cm−1 are attributed to C–N stretch vibra-
tion. These characteristic peaks have verified the formation
of PVK-based polymers. The numbers of quaternary amine
decorated on the polymer chain are also listed in Table 1,
which are estimated from element analysis (see Table 2).
The decomposition temperature of the polymers was about
200◦C, which could satisfy the requirement of fabricating de-
vice using spin-coating method.

Figure 2 shows the UV-Vis absorption and PL spectra of
the polymers. The electron transition within carbazole moi-
eties leads to the peaks at 343 and 330 nm of absorption spec-
tra. The peaks at 365 nm of PL spectrum are attributed to

Table 2: Element analysis of the PVK-N+ polymers.

C (%) H (%) N (%) Cl (%)

PVK-N+18 82.415 7.415 6.291 1.640

PVK-N+12 83.310 6.379 6.936 1.000

PVK-N+8 83.145 6.352 7.074 1.600

PVK-N+2 83.260 5.760 7.201 1.700

the high-energy excimer radiation of carbazole moieties. The
UV-Vis and PL spectra indicate that the resultant polymers
retain the photophysical properties of PVK.

3.2. Composite of semiconductor
Nanocrystals and PVK-N +

The PVK-N+ polymers are readily soluble in common or-
ganic solvents such as chloroform, dichloromethane, N, N-
dimethylformamide, and so forth. Different CdTe NCs as
prepared in aqueous medium were directly transferred to
the organic phase using the PVK-N+18 polymers to achieve
composites 1–5, respectively (see Table 3). In this process,
the electrostatic interaction between negatively charged CdTe
NCs and positively charged moieties in polymers was the
driving force for the formation of composite. Figures 3(a)
and 3(b) show the UV-Vis absorption and PL spectra of the
resultant composites 1–5 in chloroform. Absorption and PL
spectra at different wavelengths correspond to distinct CdTe
NCs, which confirms the presence of NCs in the polymer and
the successful transfer of NCs from the aqueous phase to the
organic phase. Furthermore, the full width at half maximum
(FWHM) of PL peaks of the composite is similar to that of
the parent NCs as prepared in aqueous medium, which in-
dicates that the excellent properties of CdTe NCs were re-
tained after they were capped with polymers. A clear solu-
tion of NCs in organic solvent strongly indicates a homoge-
nous distribution of NCs in the composites (see Figure 3(c)).
The QYs of CdTe NCs in the composites 1–5 are 0.612, 0.476,
0.168, 0.368, and 0.146, respectively. For composites 1, 2, 3,
and 5, the QYs are higher than their parent NC aqueous so-
lutions. When we used polymer CPVKOVDAC to obtain NC
composites, the QYs of CdTe NCs in the composites were al-
ways lower than parent NC aqueous solutions [9, 10]. The
improvement of QY in this study is believed to be brought by
the shorter distance from carbazole moieties to CdTe NCs in
PVK-N+ system, which facilitates the Förster resonant energy
transfer (FRET) between them.
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Table 3: Component and quantum yields (QYs) of the composites.

Abbreviations of
the composites

CdTe NCs used
QYs(b) of CdTe NCs
in aqueous solution

QYs of CdTe NCs
in the composites

Composite 1 TGA (530 nm)(a) 0.400 0.612

Composite 2 TGA (540 nm) 0.462 0.476

Composite 3 MPA (490 nm) 0.141 0.168

Composite 4 MPA (540 nm) 0.395 0.368

Composite 5 MPA (600 nm) 0.108 0.146
(a) Reference to the CdTe NCs capping with TGA ligand and absorption of exciton at 530 nm. (b) Using quinine sulfate (10−5)
as PL reference.
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Figure 3: (a) UV-Vis absorption and (b) PL spectra excited at
400 nm of CdTe NC-polymer composites 1–5 in chloroform con-
taining different CdTe NCs. (c) Photographs of composites 1–5 in
chloroform.

3.3. Interaction between CdTe NCs and PVK-N +

Several methods have been developed to obtain the compos-
ites such as directly mixing the NCs into the polymers, in
situ synthesis of NCs in polymer matrix, layer-by-layer as-
sembly to achieve NC-polymer composite, and so forth [18–
24]. Although some composites have been obtained using
these methods, new problems also confronted chemists, such
as aggregation of NCs in polymer matrix and PL quenching
due to the different kinds of interaction between polymers
and NCs. In our system, the process of composition of poly-
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Figure 4: The curves of QYs versus concentration of polymer. In-
set is the photograph of the composites with QY of 0.612, and the
curves of the ratios of PL intensity of polymer to NCs versus con-
centration of polymer.

mer and CdTe NCs overcomes the major problems associ-
ated with the miscibility of NCs with polymer matrix and PL
quenching of NCs in the polymer. However, we did find that
the photophysical properties of NCs were influenced by the
electrostatic interaction between polymers and NCs. Figure 4
shows that the QYs of the composites increase with increas-
ing polymer concentration when the concentration of the
polymer is below 5 mg/mL (the contents of CdTe were kept
constant and the CdTe NCs were completely transferred from
aqueous phase to organic phase). We conclude that the in-
teraction between carbazole and CdTe NCs is mainly FRET
whose energy is transferred by the excited carbazole moieties
to CdTe NCs via dipole-dipole interaction at such concen-
trations. The highest QY was 0.612 when the concentration
of the polymer was equal to 5 mg/mL. Inset of Figure 4 is
the photo of the composite with the highest QY under UV
illumination. The QY of CdTe NCs decreases with increas-
ing polymer concentration when the concentration of the
polymer is higher than 5 mg/mL. We suppose that electron
transfer from carbazole moieties and CdTe NCs occurred,
which quenched the PL of the resultant composites. For the
PVK-N+ polymer, the PL intensity increases with increasing
polymer concentration from 5 mg/mL to 20 mg/mL. How-
ever, from the inset curve of Figure 4, it can be observed that
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(a) (b)

Figure 5: The photographs of (a) the composites with low-content CdTe NCs (the QYs of the NCs in the composite were 0.043, 0.107, and
0.061 from left to right) and (b) high-content CdTe NCs (the QYs of the NCs in the composite were 0.489, 0.571, and 0.612 from left to right).
The photographs of (a) and (b) were taken under the same condition. The composites with low content of CdTe NCs refer to the composites
obtained via 10 mL (5 mg/mL) PVK-N+ polymer solution adding 10, 20, 40 mL CdTe NC aqueous solutions, while the composites with high
content of CdTe NCs refer to the composites obtained via 10 mL (5 mg/mL) PVK-N+ polymer solution adding 60, 80, 100 mL CdTe NC
aqueous solutions.

the ratios of PL intensity of polymer to NCs decrease first and
then increase when the polymer concentration increases con-
tinuously. These results indicate that the most efficient FRET
occurred at the point at which the concentration of the poly-
mer was about 8 mg/mL.

The tendency of PL changes of the composites became
much more obvious when the concentration of the polymer
was set constant, namely, 5 mg/mL, and the content of NCs
was varied at some range. In CdTe NC aqueous solution,
the QYs of the NCs increase with decreasing NC concentra-
tion because the self-quenching occurs at higher concentra-
tion. In the composite system, however, when the concen-
tration of the polymer was about 5 mg/mL, the QYs of the
NCs were higher in the composites with high content of CdTe
NCs than those of the composites with low content of CdTe
NCs. Figure 5 gives the photos of the composites with dif-
ferent contents of CdTe NCs under UV illumination. It can
be clearly observed that the composites with low content of
CdTe NCs show weak PL intensity (see Figure 5(a); the QYs
of the NCs in the composite are 0.043, 0.107, 0.061 from left
to right) while the ones with high content of CdTe NCs show
strong PL intensity (see Figure 5(b); the QYs of the NCs in
the composite are 0.489, 0.571, 0.612 from left to right). This
phenomenon verifies the conclusion we have drawn above.
We have ever systematically studied in our recent work [25]
the mechanism of interaction between carbazole moieties
and CdTe NCs. It is believed that the excited carbazole moi-
eties could form carbazole anions and carbazole cations via
resonance with carbazole moieties at the ground state under
UV illumination. The carbazole anions migrated to the pos-
itively charged surface of CdTe NC-polymer composite and
then shortened the distance between carbazole moieties and
CdTe NCs. Carbazole anions donated their electrons to CdTe
NCs, and then the donated electrons recombined with the
holes in CdTe NCs. The result of electron transfer was that
holes were confined to polymers while electrons were limited
within CdTe NCs. The more the polymer was, the more pos-
itive net charges and carbazole moieties were. Therefore, the
electron transfer became efficient with decreasing CdTe NCs.

4. CONCLUSION

In summary, we prepared a novel kind of PVK-based am-
phiphilic polymer with luminescent properties. CdTe NCs
were directly transferred to the organic phase using the PVK-
based polymers to achieve composites. The quantum yield of
NCs had been improved by 50% compared with their par-
ent aqueous solution due to the shorter distance from car-
bazole groups to NCs which facilitated the FRET between
them. More efficient electron transfer at the interface of NCs
and polymers was confirmed for composites by decreasing
NC content. The results indicated that the composites could
found applications in LEDs or photovoltaic devices.
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1. INTRODUCTION

The recent developments of nanocomposite materials acti-
vated by rare-earth ions have opened new possibilities in the
field of both basic and applied physics, in a large area cov-
ering information communication technologies, health and
biology, structural engineering, and environment monitor-
ing systems. As far as luminescence properties are concerned,
Er3+-activated nanocomposite glasses have become one of
the key materials because of their relevance for to the devel-
opment of optical amplifiers. The short-term goal is to de-
velop appropriate material systems and devices to exploit, at
the best, the luminescence properties of erbium with optimal
optical properties of the host. The last decade has seen a re-
markable increase in the experimental efforts to control and
enhance emission properties of luminescent ions by tailoring
the dielectric surrounding of the source [1–4]. With this aim,
several approaches, using nanocomposite materials and/or
specific geometries, such as planar interfaces, photonic crys-
tals, solid state planar microcavities, dielectric nanospheres,
and spherical microresonators, have been proposed.

The aim of this paper is to give an overview of the ad-
vances in glass-based photonic systems, where the nanoscale
structures or the presence of nanostructured hosts induces
an enhancement of optical and spectroscopic properties of
the rare-earth ions. In particular, the following topics will

be highlighted: (i) rare earth-activated glass-ceramics planar
waveguides, where the active ions are embedded in the crys-
talline phase, combining the mechanical and optical prop-
erties of the glass with a crystal-like environment for the
rare-earth ions, and (ii) a procedure for the synthesizing
of monosize silica spheres and the fabrication of core-shell-
like structures of Er3+-activated silica spheres obtained by a
seed growth method. Optical and spectroscopic assessment,
as well as morphological and structural characterization of
these systems, is reported.

2. TRANSPARENT GLASS-CERAMICS

Since the pioneer work in 1993, when Wang and Ohwaki
discovered a novel glass-ceramic system characterized by a
transparency comparable to glass [5], considerable efforts
have been made in order to fabricate rare earth-activated
glass-ceramic materials with active ions embedded in the
crystalline phase [6]. The motivation for this research is com-
bining the mechanical and optical properties of the glass
with a crystal-like environment for the rare-earth ions, where
their higher cross-sections can be exploited in order to fab-
ricate more compact devices [4, 7]. Moreover, glass- ce-
ramic materials may be a valid alternative method to con-
trol chemical parameters of the rare-earth ions, and thus may
avoid undesirable effect like clustering as proposed by Auzel
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and Goldner [8]. Thanks to the low phonon environment
favourable to enhance the radiative rate and quantum effi-
ciency, significant results have been achieved using oxyflu-
oride and fluoride transparent glass-ceramics activated by
rare-earth ions, such as Er3+, Eu3+, Tm3+, Nd3+, and Pr3+

incorporated in fluoride nanocrystalline phases [9–14]. Us-
ing a top-down technique based on an appropriate ther-
mal process of the glasses containing rare-earth fluorides,
nanocrystals of β-PbF2 were nucleated in the glassy ma-
trix. Concerning telecom application, the paper by Hayashi
et al. concerning Tm3+ ion-doped transparent oxyfluoride
glass-ceramics containing PbF2 nanocrystals around 20 nm
in size, is of particular interest [15]. From spectroscopic mea-
surements performed at low temperature, authors show the
possibility of optical amplification in the S telecommunica-
tion band. Tikhomirov et al. have measured a bandwidth
of about 90 nm for the 4I13/2→4I15/2 transition when Er3+-
activated oxyfluoride glass-ceramics were prepared with β-
PbF2 nanocrystals of about 2.5 nm in diameter [16].

Oxide-based glass-ceramics have been obtained both by
conventional melting and by sol-gel route. Oishi et al. re-
ported highly transparent glass ceramics obtained by heating,
at 410–460◦C, the K2O-MgO-Nb2 O5-TeO2 glass precursor
activated by Er3+ and Eu3+ ions [17]. It was demonstrated
that the addition of Er3+ and Eu3+ ions was effective for the
formation of the crystalline phase showing second harmonic
generation, as well as enhancing the NIR-to-green upconver-
sion, in the case of Er3+-activated glass ceramics [17]. At-
tractive results have been obtained by sol-gel route. Kȩpiński
and Wołcyrz report on formation of nanocrystalline rare-
earth silicates inside or at the surface of amorphous SiO2

matrix upon heat treatment in air [18]. An intense room
temperature photoluminescence at 1.531 μm is reported by
Que et al. for erbium oxide nanocrystals dispersed in TiO2/γ-
glycidoxypropyltrimethoxysilane (GLYMO) composite sol-
gel thin films [19].

It should be mentioned that these nanocomposite sys-
tems are of particular interest for photonic application when
the glass-ceramics can be prepared in waveguiding configu-
ration. Concerning this, Strohhöfer et al., ten years ago, re-
ported on active optical properties of Er-containing crystal-
lites in sol-gel derived glass films [20]. Authors employed
controlled heat treatment procedures to obtain a certain
fraction of the rare-earth ions in crystallites. The active
phases precipitated were Er2Ti2O7 and ErPO4 in SiO2-TiO2-
based sol-gel films. Doping of the glass matrix with Er3+-
containing crystallites improved the Er3+ fluorescence life-
time of the 1.55 μm transition, in some cases by more than
200%, unfortunately, no satisfactory waveguiding properties
were achieved [20]. A pure Er2Ti2O7 pyrochlore waveguid-
ing structure was proposed by Langlet et al. with interest-
ing spectroscopic properties because this compound has a
much lower phonon energy than silica, which would permit
to minimize nonradiative absorption mechanisms [21]. Re-
cently, Jestin et al. have shown that SiO2-HfO2: Er3+ glass-
ceramic planar waveguides prepared by sol-gel route present
valuable optical, spectroscopic, and structural features for
successful applications in the telecommunication area [22–
24].

2.1. Glass-ceramics fabrication and characterization

(100-x)SiO2-xHfO2 (x = 10, 20, 30 mol) planar waveguides,
activated by 0.3 mol % Er3+ ions, were prepared by sol-
gel route, using dip-coating deposition on v-SiO2 substrates
cleaned by ultrasound and alcohol [24]. Depending on
their HfO2 molar content (x = 10, 20, 30 mol), the waveg-
uides discussed in this section are labeled W10, W20, and
W30, respectively. The starting solution obtained by mix-
ing tetraethylorthosilicate (TEOS), ethanol, deionized water,
and hydrochloric acid as a catalyst was prehydrolyzed for one
hour at 65◦C. The molar ratio of TEOS : HCl : EtOH : H2O
was 1 : 0.01 : 37.9 : 2. An ethanolic colloidal suspension was
prepared using a precursor HfOCl2, and then added to the
TEOS solution with an Si/Hf molar ratio of 90/10, 80/20, and
70/30. Erbium was added as Er(NO3)3·5 H2O with an Er/(Si
+ Hf) molar concentration of 0.3 mol %. Erbium-activated
silica-hafnia films were deposited on v-SiO2 substrates by
dip-coating with a dipping rate of 40 mm/min. Before fur-
ther coating, each layer was annealed in air for 50 seconds at
900◦C. Finally, the films, resulting of 30 coatings, were sta-
bilized by a treatment in air and introduced directly in the
furnace at 900◦C (optimized temperature to fully densify the
waveguides) for 5, 210 minutes, and 30 hours for the waveg-
uides W30, W20, and W10, respectively. As a result of this
procedure, transparent and crack-free waveguides were ob-
tained. In order to nucleate nanocrystals inside the planar
waveguide, an additional heat treatment was performed in
air at a temperature of 1000◦C for 30 minutes [22].

Specimens for high resolution transmission electron mi-
croscopy (HRTEM) observations were prepared by scraping
off the thin films in ethanol using a diamond knife. A drop of
the suspension is deposited and dried onto a carbon coated
copper grid. A HRTEM study of the scraped samples was
performed in a 200 kV side entry JEOL 2010 FEG by trans-
mission electron microscope (TEM) fitted with a double-tilt
sample holder (tilt ±30◦).

The losses at 1542 nm, for the TE0 mode, were eval-
uated using the moving fiber method in which the expo-
nential decay of light is measured by a fiber probe scan-
ning down the length of the propagating steak [25]. The TE0

mode waveguiding excitation was used for photolumines-
cence (PL) measurements. PL measurements in the region
of the 4I13/2→4I15/2 transitionand the decay curves from the
4I13/2 level were obtained using the 514 nm line of a CW ar-
gon laser as an excitation source, and dispersing the lumi-
nescence light with a 320 mm single-grating monochroma-
tor with a resolution of 2 nm, with the experimental setup
described elsewhere [22, 23, 26].

2.2. Glass-ceramics results and discussion

Nanostructured morphology of the sample W30, annealed at
1000◦C for 30 minutes, was analyzed by means of HRTEM.
The HRTEM images of a scrapped part of the film presented
in Figures 1(a) and 1(b) show nanocrystals of about 4 nm
to 6 nm in size, homogeneously dispersed in the amorphous
matrix. Figure 1(b) evidences that each nanocrystal presents
single domain features. The EDS analysis confirmed that
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Figure 1: HRTEM image of the silica-hafnia W30 sample, annealed
at 1000◦C for 30 minutes, showing HfO2 nanocrystals homoge-
neously dispersed in the amorphous matrix (a). Single domain
nanocrystals are clearly evidenced in (b).

the nanocrystals and the surrounding amorphous matrix are
composed of Hf oxide and Si oxide, respectively.

The glass-ceramic waveguides present a thickness of 1.3,
1.15, and 1 μm, and a refractive index close to 1.485, 1.538,
and 1.597 measured at 1532 nm in the TE polarization for
W10, W20, and W30, respectively. They are all a single mode
at 1.5 μm, and the refractive index is highly dependent on the
hafnium concentration. The losses of about 1 dB cm−1 mea-
sured at 1542 nm, for this kind of glass-ceramics, make them
suitable for operation in the C telecommunication band.

Figure 2 shows the normalized PL spectra for the glass-
ceramic W10, W20, and W30 waveguides in the region of
the 4I13/2→4I15/2 transition of Er3+ ions. The changes in the
shape and bandwidth, with respect to the shape usually ob-
served in the amorphous silica hafnia system (Figure 2(d))
[22, 26], indicate the significant modification of erbium ions
environment in glass-ceramic systems. PL spectra show that
Stark components are better resolved in the glass-ceramic,
indicating that the Er3+ environment is more crystalline like.
As the Er3+ local environment becomes ordered, it limits the
inhomogeneous broadening typical of glassy environment,
and therefore, the bandwidth narrows. The spectral width
measured at 3 dB from the maximum intensity is 28, 19,
17 ± 1 nm for W10, W20, and W30 glass ceramic waveg-
uides, respectively. Note that the bandwidth of the planar
waveguide annealed at 900◦C for 5 minutes, which is amor-
phous, is 51 ± 1 nm (see Figure 2(d)).

The decay curves of the luminescence from the 4I13/2

metastable state of Er3+ ions exhibit a single exponential pro-
file for W20 and W30 glass-ceramics, and a double exponen-
tial profile for W10 sample. This nonsingle exponential pro-
file is explained by the fact that not all erbium ions are feel-
ing the same local environment. By fitting the decay curves
with two different single exponential profiles, we can no-
tice two different contributions: one corresponding to the
erbium ions in the glass matrix leading to a lifetime close to
7.0 milliseconds, and the second part corresponding to er-
bium ions embedded in the crystalline environment lead-
ing to a lifetime close to 9 milliseconds. In the case of W20
and W30, as the decay profiles are single exponential, we
can assume that all erbium ions are embedded in the crys-
talline environment. The decrease of the lifetime of Er in
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Figure 2: Room temperature luminescence spectra, obtained by ex-
citing the TE0 mode at 514.5 nm, of the 4I13/2→4I15/2 transition of
Er3+ ion for the (a) W10, (b) W20, and (c) W30 planar waveguides
annealed at 1000◦C for 30 minutes. The emission spectrum of the
W30 amorphous waveguide annealed at 900◦C for 5 minutes is also
reported for comparison (d).

crystals from 9 milliseconds to 8.7 and 7.2 milliseconds, as
the HfO2 content increases from 10% to 20% and to 30%,
is attributed to an increase of the radiative electric dipole
transition rate in a hafnia-dominated local field [24, 27]. The
shortening of the lifetime with the increasing of HfO2 con-
tent was already observed also for amorphous waveguides.
Zampedri et al. have shown that in the case of (100-x)SiO2-
xHfO2 waveguides(x = 10, 20, 30, 40 mol), the 4I13/2 lifetime
decreases from 7.1 milliseconds to 5.5 milliseconds when the
HfO2 content increases from 10 mol % to 40 mol % [28].
They invoke the role of hafnia in increasing both distortion
and crystal field strength around the Er3+ ion. However, this
effect surely deserves further experimental investigation. Be-
sides, computer simulation could be useful to take into ac-
count possible differences in the chemical environment of
Er3+ ion for waveguides of different composition.

3. CORE-SHELL-LIKE STRUCTURES BY
SOL-GEL-DERIVED ER3+-ACTIVATED
SILICA NANOSPHERES

Monodisperse colloidal spheres in solution can be self-
organized into an ordered structure if their size is adequate
and their size polydispersivity is low enough, yielding a pe-
riodic photonic bandgap structure or photonic crystal [29].
Furthermore, monodisperse colloidal spheres of predictable
size and shape, activated with a controllable concentration of
rare-earth ions like Er3+, have significant potential for use in
optical devices such as microlasers, integrated optics struc-
tures, luminescent markers or nanosensors, and active pho-
tonic bandgap materials. In particular, in order to use rare-
earth-activated colloids in photonic crystals, it is well known
that the size polydispersivity of the particles needs to be low
and controllable.
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Figure 3: SEM images of the core-shell-like particles after seeded
growth using the acid-based reaction.

3.1. Core-shell-like Er3+-activated silica spheres
fabrication and characterization

The core-shell-like Er3+-activated silica spheres, where the
core is the silica sphere and the shell is an Er2O3-SiO2 coat-
ing, were prepared using the following protocol: (i) the core
was realized using the Stober method, discussed in detail
in [30]. and (ii) the shell was obtained by a seeded growth
method [31]. Briefly, 150 mg of silica spheres of 270 nm di-
ameter, obtained by the Stober method, were added to a so-
lution with the molar ratio TEOS : CH3COOH : H2O of
1 : 8 : 8, plus 0.2 wt% of ErCl3. The mixture was stirred for
45 minutes with a magnetic stirrer. After synthesis, the SiO2

particles were separated from the solution by centrifuging at
1000 rpm and washed at least twice with pure ethanol. Subse-
quently, the core-shell-like Er3+-activated silica spheres were
heat treated at 950◦C for 30 minutes [32].

The particle sizes were determined from electron micro-
graphs taken with a scanning electron microscope, (SEM:
JEOL-JSM 6300). The diameters of over a hundred particles
were used in calculations of the average size and standard
deviation δ of each sample. For photoluminescence spec-
troscopy on core-shell-like structures, the experimental setup
described above for glass-ceramics was employed. The pho-
toluminescence measurements were performed on pressed
KBr pellets, containing 5% of doped silica spheres.

3.2. Core-shell-like Er3+-activated silica spheres
results and discussion

Figure 3 shows an SEM image of the core-shell-like Er3+-
activated silica spheres, obtained using a seeded growth
method on the 270 nm monosize silica spheres. Figure 4
presents the PL spectra for the core-shell-like structure in the
region of the 4I13/2→4I15/2 transition of Er3+ ions, obtained
upon excitation at 980 nm.

The SEM image of Figure 3 demonstrates that seeded
growth in the Er solution occurs on individual particles that
do not collapse in higher-size clusters. PL measurements
confirm the incorporation of Er3+ ions in the silica shell.
In fact, the shape of the emission band in Figure 4 is typi-
cal of Er3+-activated silica glasses with a main emission peak
at 1533 nm [33] and a spectral bandwidth, measured at 3 dB
from the maximum intensity of 27 ± 2 nm.
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Figure 4: Room temperature photoluminescence spectra of
4I13/2→4I15/2 transition of the Er3+ ions for the silica core-shell-like
structure upon excitation at 980 nm.
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Figure 5: Room temperature luminescence decay curve from the
4I13/2 state of Er3+ ions for the silica core-shell-like structure, upon
excitation at 514.5 nm, after annealing for 30 minutes at 950◦C.

The luminescence decay curve from the 4I13/2 state of
Er3+ ions for the silica core-shell-like structure, upon exci-
tation at 514.5 nm, is reported in Figure 5. The decay pro-
file exhibits a single exponential behavior with a lifetime of
12.8± 0.1 milliseconds. In order to give an estimation of the
quantum efficiency η, defined by the ratio η = τmeas/τrad, the
measured lifetime (τmeas) must be compared with the ra-
diative lifetime τrad. Recently, many investigations were per-
formed on SiO2 spherical colloids doped with Er3+ ions in
order to study the spontaneous emission and determine the
local optical density of states in these systems [34, 35]. In
these papers, Dood et al. determined a radiative lifetime of
18 ± 3 milliseconds for the 4I13/2 state of Er3+ ions in pure
silica. Note that this value is larger than the radiative lifetime
reported for the 4I13/2 state of Er3+ ions in silicate glasses [33].
Assuming a τrad of 18 milliseconds, a quantum efficiency η of
71% can be estimated for our core-shell spheres.
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4. CONCLUSIONS

The paper presents some recent results in specific dielectric-
based nanostructured and nanocomposite systems useful for
the enhancement of Er3+ spectroscopic properties.

SiO2-HfO2: Er3+ glass-ceramic planar waveguides were
prepared by sol-gel route, with nanocrystals of about 4 nm
to 6 nm in size, homogeneously dispersed in the amorphous
matrix. These waveguides exhibit a single mode at 1.5 μm,
their refractive index is highly dependent on the hafnium
concentration, and the attenuation coefficient is about 1 dB
cm−1 at 1542 nm. The spectroscopic properties of Er3+ ions
are determined by the crystalline local environment.

Seeded growth was successfully applied to synthesize
core-shell-like Er3+-activated silica spheres. Typical pho-
toluminescence spectrum of erbium, with a lifetime of
12.8 milliseconds, was observed for the core-shell-like struc-
ture after annealing for 30 minutes at 950◦C leading to a
quantum efficiency of 71%.
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Aubière Cedex 63177, France

Received 30 April 2007; Accepted 4 October 2007

Recommended by Wieslaw Strek

The development of scintillating materials is believed to reach a new step by controlling their preparation on a nanometric level.
Sol-Gel chemistry offers very unique tools for nanoscale mastering of the materials preparation. In particular, shaping of the
materials as thin films or nanoparticles offers new application in medical imaging. The control of doping ions dispersion thanks
to soft chemistry is also a great advantage of such synthetic routes. In this paper, we will review recent work devoted to the sol-gel
preparation of inorganic scintillating materials. We will focus on the new possibilities and advantages offered by sol-gel chemistry
for the preparation of new scintillators and improvement of existing ones.

Copyright © 2007 J. M. Nedelec. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

Since the discovery of X-ray by Röntgen and the concomitant
use of the first scintillator, research directed towards materi-
als that can convert high-energy radiations (X-rays, γ-rays,
neutrons) into UV-visible light, easily detectable with con-
ventional detectors, is in constant development [1–7]. These
materials spread over various applications such as medi-
cal imaging, high energy physics, and nondestructive testing
(airport security, industrial control, etc.).

During the past twenty years, numerous materials have
been proposed to be used as scintillators. Among them, a lot
of oxides materials have successfully been developed up to
industrial applications. In order to provide efficient scintilla-
tors for X or γ rays, the choice of the oxide matrix is crucial.
Since the first step of the scintillation mechanism involves
absorption of high-energy photon (from a few KeV to sev-
eral MeV), photoelectrical effect has to be favored. To do so,
materials with high ρ·Z4

eff are required. In this formulation,
ρ is the density of the material and Zeff is the effective atomic
number defined as [8]

Z4
eff =

∑

i

wiZ
4
i , (1)

where wi is the mass fraction of atom i and Zi is its atomic
number. More recently, research focused more on improv-
ing the performances of known scintillators rather than de-

veloping new materials. It appears that a good way to im-
prove scintillators is to get a control of the material on a
nanometric scale. It is indeed very important to control the
dispersion of doping ions in the matrix and to control the
size of the grains in case of powders. The possibility to pre-
pare nanocrystals could allow the preparation of transpar-
ent ceramics that could replace advantageously single crys-
tals. Another very attractive solution is the direct preparation
of scintillating thin films. Thin scintillating films are particu-
larly valuable in fundamental spectroscopic studies when the
absorption coefficient of the material is high or when the ex-
citation energy is close to the absorption edge. They are also
very interesting for high-resolution imaging where the scin-
tillator is required as a homogeneous coating. Both solutions
provide low-cost substitutions for single crystals. The use of
sol-gel processes for the preparation of scintillating materials
seems to be a very interesting way to reach these objectives. In
effect, the use of molecular precursors is the guarantee of very
high chemical homogeneity which is usually also observed in
the final material. Furthermore, the high versatility of the sol-
gel process allows to reach various compositions and to vary
the nature and the concentration of the doping ion easily.
This cannot be usually done for single crystal growth. Even
if sol-gel chemistry appears to be a valuable way to prepare
new scintillators and scintillators with enhanced properties,
not so many works propose such an approach. This paper
tries to summarize the state-of-the-art on sol-gel processing
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of scintillating materials and in particular scintillating thin
films. Only crystalline materials will be considered, obviously
sol-gel process is also very valuable for amorphous materi-
als like glasses and hybrid materials incorporating organic
molecules. Because this point will not be developed in the
following, we would like to list the main tendencies.

Sol-Gel chemistry has been initially developed as an al-
ternative route to glasses. Sol-Gel derived glasses in partic-
ular doped with Ce3+ ions have been considered as scin-
tillating materials; see for instance work from Chiodini et
al. [9, 10] or Nogues et al. [11] and references therein. An-
other interesting possibility is offered by the intrinsic poros-
ity of sol-gel-derived glasses. In this case, the porous glass
or gel can be used as a host for active species. If the guest
species is organic, the resulting material is an inorganic-
organic hybrid material. Depending on the interaction be-
tween the two components, class I and class II hybrids can
be found [12]. Molecules classically used in liquid scintilla-
tors can be embedded in the silica framework [13] and in the
case of PPO and POPOP the active molecules can be cova-
lently grafted to the silica network [14]. An important axis
concerns the development of cationic complexes mainly of
rare-earth ions and their incorporation in inorganic sol-gel-
derived networks. A lot of work can be found in the litera-
ture including the incorporation of various rare-earth com-
plexes [15], covalently grafted or not and including recently
cryptates [16] and podates [17].

2. SOL-GEL PROCESSING OF MATERIALS

Numerous excellent reviews can be found in the literature
concerning the sol-gel processing of materials. In this section,
we would like to summarize the main features and to under-
line the major advantages in the view of producing scintilla-
tors.

During the last 30 years, sol-gel processes have been
widely used for the preparation of glasses and ceramics. Usu-
ally, starting with molecular precursors like alkoxides or ac-
etates, the sol-gel process takes place in solution. This pro-
vides definitive homogeneity for multicomponent systems.
In the particular case of doping, the sol-gel process provides
an ideal way to control the level and the homogeneity of
doping. For luminescent materials, this is crucial since the
light emission is usually due to doping ions like rare-earth or
transition metals ions. Quenching concentrations are usually
found higher for sol-gel-derived materials because of bet-
ter dispersion of doping ions and thus higher average dis-
tance between emitting centers. Several authors have also
developed heterometallic precursors associating different el-
ements through chemical bonding and thus providing the
highest homogeneity [18, 19]. As far as alkoxides chemistry is
concerned, it is useful to distinguish the case of silicon alkox-
ides (Si being a semimetal) and the case of metal alkoxides.

2.1. Silicon alkoxides

The sol-gel process involving silicon alkoxide can be de-
scribed in two steps, the hydrolysis of the alkoxide and its
polycondensation. For a given alkoxide of general formula

Si(OR)4, R being an alkyl chain, these reactions can be writ-
ten as follows:

Si(OR)4 + H2O

−→ (HO)M(OR)3 + R–OH, Hydrolysis,

(HO)Si(OR)3 + Si(OR)4

−→ (RO)3Si–O–Si(OR)3 + R–OH, Condensation,

(OR)3Si(OH) + (HO)Si(OR)3

−→ (RO)3Si–O–Si(OR)3 + H2O.
(2)

Usually, silicon alkoxides are very stable against hydrolysis.
Step 1 thus requires catalysis usually performed by using
acids or bases. Excellent review can be found in [20]. Briefly,
base-catayzed hydrolysis occurs through an SN2 mechanism
involving a 5-fold coordinated silicon atom. On the other
hand, acid catalysis proceeds through a limiting step cor-
responding to the protonation of an oxygen atom result-
ing in an SN1 mechanism. Acidic catalysis leads to a much
quicker hydrolysis than basic catalysis resulting in different
final structures for the gels networks.

2.2. Metal alkoxides

Contrary to silicon alkoxides, metal alkoxides react very
quickly with water in absence of catalysts. In particular, tran-
sition metal alkoxides are very reactive because of the pres-
ence of highly electronegative OR groups that stabilize the
central atom in its highest oxidation state. This in turn makes
the metal atom very susceptible to nucleophilic attack. An ex-
cellent review presents the chemical reactivity of metal alkox-
ides [21]. Recently, some controversy appeared with respect
to the well-acknowledged mechanism of hydrolysis conden-
sation of metal alkoxides [22] supported for instance by the
recently demonstrated impossibility of SN2 mechanism [23]
classically invoked to explain the higher reactivity of metal
alkoxides.

In any case, both for silicon and metal alkoxides, the on-
going polycondensation process leads to the formation of a
3D network. The point where this network extends through-
out the reactor is described by the percolation theory and
named the gel point. The obtained wet gel can be dried in
various conditions leading a xerogel with residual porosity.
Further heating of the xerogel in controlled conditions allows
obtaining the desired glass or ceramic.

Before the gel point, the colloidal solution can be stabi-
lized and used directly to coat various substrates by classical
techniques like dip coating, spin coating, laminar enduction
or spray. This provides a low cost and efficient way to pro-
duce nanometric thin films with good homogeneity.

Furthermore, the temperatures required for the full den-
sification and crystalization of the desired glass/ceramic are
usually lower than the ones required by classical melting or
solid-state processes. This can be interesting from an eco-
nomical point of view but also because in some cases, the
obtained phases can differ from the one obtained by classi-
cal procedures. By this way, new phases can be obtained or
high-temperature phases can be stabilized at room tempera-
ture. In the following sections, we will propose an exhaustive
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overview of literature works specifically aiming the develop-
ments of scintillating materials by sol-gel chemistry.

3. YTTRIUM AND RARE-EARTH SESQUIOXIDES

Yttrium, lutecium, and gadolinium sesquioxides have been
acknowledged as efficient scintillating materials when acti-
vated with rare-earth ions.

In 2003, Montes et al. proposed a new sol-gel route to
Nd3+ doped Y2O3 thin films [24]. Authors have used Yttrium
and Neodynium nitrates together with coconut water to pre-
pare the sol that has been deposited by dip coating on glass
substrates. After annealing at 500◦C, the films are crystalized
with crystallite size ranging between 17 and 23 nm depend-
ing on the densification conditions. The radioluminescence
of the films is observed but not quantified.

Gd2O3 powders and thin films have been prepared by
Garcı́a-Murillo et al. in 2001 [25] and later by Guo et al.
[26]. In the first reference, the authors used gadolinium
isopropoxide Gd(iOPr)3 as precursor and acetylacetone as
chelating agent to control hydrolysis/condensation of the
very reactive alkoxide. Thin films of good optical quality have
been obtained by multistep dip-coating operation on vari-
ous amorphous substrates. In the second reference, the au-
thors used gadolinium acetate as precursor and diethylene-
triamine as complexant. Garcı́a-Murillo et al. paid particular
attention to the material formation by using several comple-
mentary techniques like TEM, Raman, and m-lines spectro-
scopies. Raman spectroscopy performed in the waveguiding
configuration [27] allowed a detailled study of crystalization
of Gd2O3 thin films. The films begin to crystalize around
650◦C in the cubic phase and transform partially to the mon-
oclinic phase above 800◦C [28].

For scintillation purpose, Eu3+ doped films (5%) have
been prepared by the same group [29]. Emission spectra
were dominated by europium 5D0 to 7F2 transition around
611 nm and in agreement with the cubic structure of the
gadolinium oxide. Under X-ray excitation, the films showed
intense emission (Figure 1) estimated by comparison with
NaI(Tl) with the photopeak method [30]. Lightyield of
18500 photons/MeV was found with an afterglow of 0.1% af-
ter 10 milliseconds which remains too high for medical imag-
ing.

Due to its high atomic number, lutecium containing ma-
terials have been widely considered for scintillation applica-
tion. Complex oxides will be described in the following sec-
tion. Lutecium sesquioxide Lu2O3 is isostructural to Gd2O3

but presents a much higher density (8.4 g·cm−3 instead of
7.1 g·cm−3). Starting from Lutecium 2,4 pentanedionate in
isopropanol, Garcı́a-Murillo et al. prepared Lu2O3 powders
and thin films by dip coating [31]. The reported work and re-
sults are indeed very similar to the ones reported for Gd2O3.
Activation of Lu2O3 thin films with Eu3+ ions results in
good scintillation performances (Figure 1), 19750 photons
per MeV under X-ray excitation but still an afterglow of
about 0.1% after 10 milliseconds. Codoping with Tb3+ ions
for instance can reduce this afterglow.
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Figure 1: Emission of Gd2O3 : Eu3+ 5% and Lu2O3 : Eu3+ 5% thin
films under X-ray excitation, reproduced from [15] c© 2002 with
permission from Elsevier.

4. LUTECIUM OXIDES

As stated above, lutecium oxides have received considerable
interest to be used as host matrices for scintillators appli-
cations. Lutecium oxides are obviously very dense materials
and rare-earth substitution can easily be performed in these
materials. Among all rare-earth ions, Ce3+ occupy a specific
situation because of its electronic scheme and the subsequent
allowed 5d-4f transitions lying in the UV-visible range (300–
500 nm). These transitions are also very fast (20–60 nanosec-
onds) and very intense.

4.1. Silicates

Cerium-doped lutecium oxyorthosilicate Lu2SiO5 is actu-
ally used in the detection system of PET scanners. In 2000,
Bescher et al. proposed the first sol-gel route to lutecium
containing scintillator [32]. At this time, the inorganic phase
was not clearly identified and embedded in an amorphous
SiO2 matrix. A few years later, Mansuy et al. proposed the
first reported preparation of Lu2SiO5 (LSO) by sol-gel chem-
istry [33]. Due to the very high reactivity and cost of rare
earth alkoxides, the authors proposed the in situ prepara-
tion of Lu(iOPr)3 by metathesis reaction between Lutecium
chloride and potassium alcoolate. TEOS was used as the sil-
icon precursor. Doping was achieved through the same pro-
cedure starting with europium, terbium, or cerium nitrates.
The obtained multicomponent sol was stable and could be
used to prepare thin films or destabilized to yield powders.
Single phase materials were obtained and high scintillation
efficiency under X-ray was measured (20 000 photons/Mev).
Following this first paper, the same authors proposed a de-
tailled study of rare-earth substitution in LSO using Eu3+ ion
as a structural probe [34]. Conbining X-ray absorption and
luminescence spectroscopies, a clear preferential substitution
on one of the two Lu sites has been evidenced. This behaviour
was already described for Ce3+ but the attribution of the sites
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was clearly wrong. This is a very nice example of the interest
of the sol-gel process both from an applicative point of view
(low-cost efficient alternative to single crystals preparation)
and from the fundamental point of view (first preparation of
Eu3+ doped LSO and detailed study of substitution).

Mansuy et al. also evidenced the sol-gel formation of
lutecium pyrosilicate Lu2Si2O7 [35]. This material has been
recently studied for scintillation application and acknowl-
edged as very interesting candidate in particular for medical
imaging applications [36, 37].

4.2. Borates

Lutecium orthoborate LuBO3 is also a good candidate for
scintillation applications. Boyer et al. reported the first sol-
gel elaboration of LuBO3 thin films [38]. Using Boron triiso-
propoxide and Lutecium isopropoxide, the authors prepared
amorphous powders and thin films that could be trans-
formed into vaterite LuBO3 around 700◦C. In this first work,
only Eu3+ doping was considered and was achieved for a sin-
gle doping concentration. Using the same procedure, Man-
suy et al. proposed a systematic study of scintillation proper-
ties of LuBO3 powders and thin films doped with Eu3+, Tb3+,
and Ce3+ ions with various concentrations.

Ce3+ doped LuBO3 powders showed maximum scintilla-
tion yield for 0.5% doping concentration corresponding to a
light yield under X-ray of about 8100 photons/MeV equiv-
alent to commercial Bi4Ge3O12 scintillator [39]. The after-
glow was low, 0.2% after 1 second. For Eu3+ and Tb3+ doping,
maximum emission under X-rays was observed for LuBO3 :
Eu3+ 5% and LuBO3 : Tb3+ 5% with light output of 8900 and
4400 photons/MeV, respectively [40].

The evolution of the relative scintillation yield as a
function of the doping level is displayed in Figure 2 for
LuBO3 : Eu, Tb, Ce. The rare-earth-doped LuBO3 thin films
were thoroughly characterized by XPS and RBS techniques
demonstrating the good homogeneity of the coatings and an
inter diffusion process between the layer and the substrate
[41]. Scintillation was clearly evidenced but not quantified
because of the inherent difficulty to get quantitative light
yield for thin films.

4.3. Aluminates

Lutecium-aluminium garnet, Lu3Al5O12, has been the sub-
ject of various works. Activated with Ce3+ ions, it turned to
be a very promising scintillating material. Recently, Min et al.
proposed a Pechini sol-gel route to Tb3+ doped LuAG films
[42]. Combining Pechini method and dip coating, LuAG
films doped with various concentrations of Tb3+ ions were
coated onto silicon substrates. Crystalization begins around
900◦C and the luminescence properties have been reported
but not under high-energy excitation. Liu et al. reported
in 2007 the preparation of nanosized cerium-doped LuAG
phosphors by a sol-gel combustion process [43]. Aluminium,
cerium, and lutecium nitrates were mixed in required pro-
portions together with glycine (fuel). Upon stirring at 60◦C,
a gel is formed. This gel was then heated at 180◦C where an
autocombustion process took place. After annealing the final
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Figure 2: Scintillation yield under X-ray excitation for LuBO3 :
Ln3+ (Ln = Ce, Eu, Tb) as a function of rare-earth concentration.

solid at 800–1000◦C, the garnet phase is obtained. The radi-
oluminescence was observed but not quantified.

4.4. Phosphates

Lutecium orthophosphate LuPO4 is known as an efficient
scintillator [44–47]. First, all-alkoxide sol-gel route to or-
thophosphate was described in 2002 [48]. In this procedure,
phosphorous and rare-earth or yttrium aloxides are formed
in situ by reacting isopropanolate with P2O5 and rare-earth
chlroides. Following the same procedure, LuPO4 was pre-
pared as nanometric powder and doped sucesfully with Eu3+

ions up to 5% mol [49]. Successful doping of (Y, Lu)PO4

with cations like Eu3+ or Ce3+ is not evident since EuPO4 and
CePO4 crystalize in a different crystalline structure (mon-
azite instead of xenotime). Once again, the use of sol-gel
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Figure 3: Room temperature emission spectra under X-ray excita-
tion of 1% Tb3+ doped HfO2 powders with (a) 0, (b) 1, (c) 4, (d) 9,
and (e) 20% Y3+. Reproduced from [34] c© 2003 with permission
from Elsevier.

process is responsible for the good homogeneity of the mate-
rials and the efficient dispersion of doping ions throughout
the matrix. LuPO4 powders doped with Ce3+, Eu3+, and Tb3+

ions at various concentrations were prepared and their scin-
tillation properties reported [50].

The optima for scintilation yield were found to be 0.1, 10,
and 5%, respectively for Ce3+, Eu3+, and Tb3+ (Table 1). An
important afterglow was observed that could be limitative for
some practical applications.

5. HAFNIUM OXIDES

Due to its rather large band gap and low-phonon energy,
hafnia is a suitable host matrix for rare-earth doping. Rare-
earth doped HfO2 and SiO2-HfO2 thin films have been pre-
pared by sol-gel chemistry [51, 52]. In particular, Lange et
al. studied Ln-doped HfO2 thin films (Ln = Sm, Eu, Tb) as
potential scintillators [53]. The sol was prepared by react-
ing Hafnium butoxide in hexane solution, doping was per-
formed by adding rare-earth chlorides. Films were deposited
by dip coating on quartz and silicon substrates. Strongly
observed photoluminescence suggested an efficient transfer
from the host material to the rare-earth ions.

In 2003, Villanueva-Ibañez et al. published a paper re-
porting the preparation of Yttrium-Hafnium oxide pow-
ders by sol-gel chemistry [54]. Yttrium was substituted to
Hafnium from 0 to 20% yielding phase transformation and
facilitating doping with Tb3+ ions (1%). Hafnium ethoxide
and Yttrium and Terbium nitrates were mixed in ethanol in
the presence of acetylacetone. The xerogels were calcined up
to 1000◦C where complete crystalization was observed. The
emission of the various samples has been measured under
X-ray excitation (Figure 3). The most efficient materials are
HfO2 : Tb3+ 1% and HfO2 : Y3+ 20% Tb3+ 1%. No quanti-
tative information on the scintillation yield and afterglow is
reported in the paper.

Strontium hafnium perovskite SrHfO3 has been identi-
fied as potential scintillator in particular when activated with

Ce3+ ions [55]. Sol-gel preparation of SrHfO3 films and pow-
ders has been reported recently [56]. The authors used in
situ prepared strontium ethoxide and hafnium ethoxide in
methoxyethanol for the preparation of a stable sol. Dop-
ing with Ce3+ ions was performed by adding cerium nitrate
(1 mol% Ce3+). Samples were annealed from 600 to 1100◦C.
Samples crystalize with the perovskite structure at 800◦ and
750◦C for powders and films, respectively. Upon heating at
higher temperature, monoclinic HfO2 phase also appears.
Ce3+ emission is detected under X-ray excitation on powders
annealed at 1100◦C but not for other conditions and not for
the films. The same authors studied the influence of the Sr/Hf
ratio on the scintillation properties of sol-gel-derived Ce3+

doped strontium hafnate powders [57]. Varying the Sr/Hf ra-
tio from 0.66 to 1.63, it was shown that the best scintillation
efficiency was observed for the perovsite stoechiometric ratio
Sr/Hf = 1 and for powders annealed at 1200◦C. At his tem-
perature, the perovskite phase is well crystalized but HfO2

monoclinic phase is also observed. It seems that optimiza-
tion of the preparation procedure is still not achieved and
that improvement is possible.

6. TUNGSTATES

Due to their high densities, tungsten oxides have received
much attention from the scintillators community in partic-
ular lead tungstate [58, 59] and cadmium tungstate [60, 61].
These materials are intrinsically luminescent and do not re-
quire further doping with emitting ions.

Very few works can be found in the literature for the
preparation of tungstate scintillators by sol-gel chemistry. In
2003, Lennstrom et al. proposed the sol-gel elaboration of
CdWO4 thin films by using WCl6 and cadmium acetate in
ethanol [62]. Stable sol was spin coated on various substrates.
Powders and films were produced which showed photolumi-
nescence corresponding to the CdWO4 phase. No measure-
ment was performed under high-energy excitation.

More recently, Shang et al. studied the effect of doping
in nanostructured CdWO4 films [63]. Tungsten isopropox-
ide was prepared from WOCl4 and reacted with cadmium
nitrate. Solution was doped with either lithium, boron or bis-
muth. The doped sols were then used to prepare thin films by
spin coating or hydrolyzed to yield powders. Study of photo-
luminescence (UV excitation) showed that doping with Li+,
Bi3+, or B3+ enhanced the luminescence of the material. This
has been associated with diminution of grains size and higher
density. Here again, no scintillation measurement has been
performed.

7. CONCLUSIONS

Through an exhaustive survey of recent literature, it has
been shown that sol-gel chemistry is an efficient tool to pre-
pare various scintillating oxides. Available data have been re-
ported and summarized in Table 1. As observed for other
domains, the possibility to prepare thin films is considered
the most important advantage of sol-gel process. The other
important advantage brought by sol-gel chemistry is the
possibility to easily vary the composition and to dope the
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Table 1: Compositions, form, and scintillation yield (when available) of sol-gel-derived scintillating materials.

Compound Emitting ion Form
Light yield

Reference
(Photons/MeV)

Y2O3 Nd3+ (1%) Films — [11]

Gd2O3 Eu3+ (5%) Powders, films 18500 [17]

Lu2O3 Eu3+ (5%) Powders, films 19750 [17]

LuBO3

Eu3+ (5%)
Powders, films

8900 [27]

Tb3+ (5%) 4400 [27]

Ce3+ (0.5%) 8100 [26]

LuPO4

Eu3+ (10%)
Powders

5400

Tb3+ (5%) 9200 [34]

Ce3+ (0.1%) 7400

Lu2SiO5

Eu3+ (2%)
Powders, films

2900 [22]

Tb3+ (1.5%) 13100 [22]

Ce3+ (0.5%) 20000 [20]

Lu3Al5O12
Tb3+ Powders, films — [29]

Ce3+ (1%) Powders — [30]

HfO2
Sm3+, Eu3+, Tb3+ (0.4%) Films — [37]

Y3+ (20%)/Tb3+ (1%) Powders — [38]

SrHfO3 Ce3+ (1%) Powders < 4000 [40, 41]

CdWO4
— Films — [49]

Li+, B3+, Bi3+ (0.5–10%) Powders, films — [50]

materials. In most cases, the emission of scintillators comes
from doping ions like rare earth ions. Efficient doping with
such ions can be achieved by sol-gel chemistry. It is indeed
striking to note that optimal doping concentration is usually
found much higher for sol-derived materials when compared
to solid-state-derived synthesis. In our opinion, this comes
from the conjunction of two opposite effects. The light yield
of sol-gel derived materials is usually found lower than the
ones prepared by solid state reaction for a given doping level,
see [48] for instance. This is usually associated with residual
hydroxyl groups provoking luminescence quenching. On the
other hand, sol-gel derived materials are known to present a
better dispersion of doping ions. This allows higher doping
concentration to be reached without concentration quench-
ing and thus higher emission efficiency. These two effects go-
ing into opposite directions somehow compensate each other
and the optimum light yield is usually found equivalent for
the different synthesis routes but with different doping levels
(see Table 1).

In the specific case of Ce3+ doping which is a very im-
portant case for scintillation applications, a detailed study
has been proposed by combining X-ray photoelectron spec-
trocopy (XPS) and X-ray absorption spectroscopy (XANES)
[64]. Considering various materials, it has been shown that
mixed oxidation state Ce3+/Ce4+ was clearly observed for sol-
gel-derived materials. This tends to lower the scintillation ef-
ficiency but this lowering is compensated by higher doping
concentrations without quenching.

In conclusion, the sol-gel process appears to be a very
valuable way to prepare scintillators with enhanced proper-
ties and to develop new scintillators thanks to the versatility
of this chemical route. In particular, thin films applications

are very attractive. The sol-gel process also allows fundamen-
tal studies by changing easily the nature of the doping ions
or the composition. Finally, the possibility to prepare hybrid
materials, not reported in this work, is a new opportunity
to develop new generation scintillation materials for medical
imaging.
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Recent results on the photoluminescence properties of silicon nanocrystals embedded in silicon oxide are reviewed and discussed.
The attention is focused on Si nanocrystals produced by high-temperature annealing of silicon rich oxide layers deposited by
plasma-enhanced chemical vapor deposition. The influence of deposition parameters and layer thickness is analyzed in detail. The
nanocrystal size can be roughly controlled by means of Si content and annealing temperature and time. Unfortunately, a technique
for independently fine tuning the emission efficiency and the size is still lacking; thus, only middle size nanocrystals have high
emission efficiency. Interestingly, the layer thickness affects the nucleation and growth kinetics so changing the luminescence
efficiency.
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1. INTRODUCTION

Since the discovery of luminescent properties of porous sili-
con [1–3], many research efforts were dedicated to the light
emitting properties of nanometric-sized silicon. Light emit-
ting Si-based materials promise to allow merging of electron-
ics and photonics in a single chip, thus overcoming the re-
strictions settled by the power dissipation bottleneck on the
short/medium distance interconnects [4, 5]. Unfortunately,
bulk Si is a poor light emitting material because of its indirect
band gap. Excited electron-hole pairs have very long radiative
lifetime (milliseconds), thus competing nonradiative recom-
binations rule and cause most of the excited electron-hole
pairs to recombine nonradiatively. Silicon nanocrystals (Si-
nc) are the most promising material to turn Si in an effective
light emitter. Quantum confinement and spatial localization
in a small region of excited electron-hole pairs push up the
radiative efficiency to values as high as 10–50%.

Si-nc have also emerged as promising biophotonics ma-
terials [6–8]. Due to their spectral emission in the region of
transparency of biological tissues, they could be used as lu-
minescent markers for biological matter. The great advantage
with respect to III-V or II-VI semiconductors is the low toxi-
city of silicon. Many efforts are dedicated right now to the lu-
minescence stabilization of water-dispersed Si-nc by surface
passivation with organic compounds [9, 10].

Room temperature luminescence emission in silicon
nanocrystals (Si-nc) is routinely observed independently of

the preparation method [11–14]. The emission is character-
ized by a wide band in the wavelength range 600–900 nm.
Qualitatively in agreement with the quantum confinement
model, the emission band redshifts with the increase of
the Si-nc mean size, which allows to attribute this band
to electron-hole recombination in Si-nc. Luminescence ef-
ficiency is similar to that reported elsewhere [15, 16] for
PECVD samples produced in Catania. Often, the second
band, centered at 500 nm, can be observed in the lumines-
cence spectra. It is different by the Si-nc-related band be-
cause it does not shift by changing crystallites size. This sec-
ond band can be related to recombination in matrix defects
which can be quenched by post-growth treatment, such as
hydrogen passivation.

A way to obtain well-passivated Si-nc is the deposition of
Si rich oxide (SiOx) layers on a substrate (silicon or quartz)
by plasma-enhanced chemical vapor deposition (PECVD).
Si-nc are formed as a consequence of Si segregation and clus-
tering during high-temperature annealing [13, 14]. In the
following, the luminescence properties of PECVD growth Si-
nc will be presented.

2. EXPERIMENTAL

A series silicon-rich oxide films were grown on Si (100)
wafers by PECVD using SiH4 and N2O as precursor gases.
The working pressure was maintained at 500 mTorr and
the supplied power was 100 W with a radio frequency of
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Table 1: Samples characteristics and thickness.

Sample S1 S2 S3 S4 S5 S6 S7

Γ (N2O/SiH4) 15 15 15 15 25 25 25

Thickness (nm) 50 50 200 200 50 200 200

Si3N4 capping layer Yes No Yes No Yes Yes No

13.56 MHz. Si incorporation into the silicon-rich silicon ox-
ide (SRO) layer is controlled by the N2O to SiH4 flow rate
ratio, we will refer to this parameter as Γ. The higher is Γ the
lower the Si content into the film. Typically, since we are us-
ing N2O, about 1% to 2% atoms of nitrogen were incorpo-
rated during the deposition. Si-nc segregation was obtained
by one-hour long annealing at 1000◦C or 1100◦C in a ni-
trogen atmosphere. In order to explore the application for
light-emitting device, films were deposited with two different
thicknesses. Some of them were covered by a capping layer to
avoid oxygen and nitrogen in-diffusion during the annealing.
The description of these films is summarized in Table 1.

Photoluminescence (PL) measurements were performed
with two different spectrometers and two different pumping
wavelengths for a total of three different configurations.

(i) “Vis-CCD.” Samples were excited with the 488 nm line
of an argon laser, pumping light was filtered with a
488 nm bandpass filter. Pump power was 50 mW cor-
responding roughly to a pump intensity of 20 W/cm2.
Photoluminescence (PL) emission, in the wavelength
range from 500 nm to 1000 nm, was collected by a
single grating monochromator coupled with a cooled
CCD. A long wavelength pass filter (cutoff at 550 nm)
was put on the collection line in order to avoid noise
coming from the scattering of pump light from the
samples surface.

(ii) “Vis-PMT.” The same exciting condition as mentioned
above. PL emission, in the wavelength range from
500 nm to 900 nm, was collected by a double-grating
monochromator coupled with a cooled GaAs photo-
multiplier.

(iii) “UV-PMT.” Samples were excited with the 360 nm line
of an argon laser. Pump power was 5 mW correspond-
ing roughly to an intensity of 2 W/cm2. PL emission, in
the wavelength range from 400 nm to 900 nm, was col-
lected by a double-grating monochromator coupled
with a cooled GaAs photomultiplier.

3. RESULTS AND DISCUSSION

3.1. PECVD samples. Detailed variation of Γ

Detailed variation of Si content was obtained with a fine tun-
ing of Γ (N2O/SiH4) in the range from 2.5 to 30. Γ= 2.5
corresponds roughly to 52% of atomic Si (SiO0.9). Γ= 30
corresponds to a stoichiometric silicon oxide (SiO2). Pho-
toluminescence measurements were performed in the Vis-
CCD configuration (488 nm pump light, monochromator +

CCD). PL spectra are reported in Figures 1(a) and 1(b) for
annealing temperatures of 1000◦C and 1100◦C, respectively.
PL emission from samples with Γbelow 8 is extremely low
and is not reported in Figures 1(a) and 1(b). Despite the
large variation in silicon content, the luminescence emission
is confined in the wavelength range from 500 nm to 1000 nm.
The maximum of PL emission is obtained at Γ 15–Γ 16 for
both the annealing temperatures. Peak intensity and peak
wavelength are reported in Figures 1(c) and 1(d) as a func-
tion of Γ for 1000◦C and 1100◦C, respectively. In both cases,
peak intensity shows a bell-like shape as a function of the
ratio between N2O and SiH4. Peak wavelength blue shifts in-
creasing Γ. This indicates a reduction of Si-nc mean size with
the reduction of Si content into the SRO layer.

In principle, Si-nc size can be controlled by the anneal-
ing temperature and Si content of the SRO. Keeping fixed the
content of silicon, Si-nc size can be increased by increasing
the annealing temperature or, similarly, at a fixed tempera-
ture Si-nc size can be increased by increasing the content of Si
into the SRO. The search for high luminescent Si-nc imposes
to find a trade-off between Si concentration and annealing
temperature.

Figures 1(c) and 1(d) clearly demonstrate that the lumi-
nescence emission is not effective in SRO samples with ex-
tremely high or extremely low Si concentrations. The rea-
sons are different for the two cases. With high-Si concen-
tration, large size Si-nc are obtained. Quantum confinement
effect is highly reduced for Si-nc radius larger than exci-
ton Bohr radius and, as a consequence, oscillator strength
for the luminescence transition tends toward the value of
bulk Si. Thereby, the luminescence efficiency decreases as the
nanocrystal radius increases due to a pure quantum confine-
ment effect. Conversely, the reduction of Si concentration
determines the development of smaller size Si-nc, then high
emission efficiency can be expected due to quantum confine-
ment effect. This is not the case because two detrimental ef-
fects are in competition with the quantum confinement ef-
fect and dominate at low Si concentration. The first is the
reduction of the Si-nc density with the reduction of Si con-
centration. The second is connected with the thermodynam-
ics of Si crystallization. Quantum dots crystallization is fa-
vored by the size increase because of an increased gain in
the volume-free energy during the amorphous to crystalline
transition. At a fixed temperature, crystallization process is
favored at large Si content thanks to the increase of clusters
mean size whereas, at very low Si content, aggregates persist
in their amorphous phase also at high temperatures (1000◦C
and above). Amorphous quantum dots have PL efficiency or-
ders of magnitude lower than crystalline because of the pres-
ence of nonradiative centers in the disordered structure. The
combined action of density reduction and amorphous frac-
tion growth determines the lowering of PL efficiency at high
Γdespite the positive action of quantum confinement.

3.2. Thickness variation

The characterization of the optical properties of Si-nc is per-
formed typically on SRO films hundred of nanometers thick.
SRO is intrinsically an insulating material also when Si-nc are
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Figure 1: (a)-(b) Luminescence spectra of PECVD samples annealed at 1000◦C and 1100◦C, respectively. The samples are identified by the
values of the Γ (N2O/SiH4 flow ratio) parameter. (c)-(d) Total luminescence emission and peak wavelength as a function of Γ for samples
annealed at 1000◦C and 1100◦C, respectively. The line is only a guide for eyes.

developed in. In order to explore the possibility of efficient
charge injection at low bias for on-chip device integration, a
small thickness is required. To explore the formation dynam-
ics and optical properties of Si-nc in very thin films, 50 nm
and 200 nm thick SRO layers, with two values of Γ, have been
deposited by PECVD. After the deposition, samples were an-
nealed at 1100◦C in N2 atmosphere; detailed characteristics
are reported in Table 1. Some samples were covered with a
capping layer of Si3N4 in order to avoid oxygen in-diffusion

during the annealing process. PL measurements were per-
formed with the UV-PMT (pump wavelength 360 nm) con-
figuration. The luminescence peak intensity was normalized
to the samples thickness and reported in Figure 2. Normal-
ized peak intensity (NPI) can be considered as a measure
of the PL efficiency of the sample. As can be seen from the
figure, thin samples show NPI values one order of magni-
tude lower than thick samples. The difference is of two or-
ders of magnitude for uncapped samples. A blue shift of the
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Figure 2: Photoluminescence peak intensity normalized to the film
thickness. Sample details are reported in Table 1.

luminescence peak can be observed combined with the effi-
ciency reduction (Figure 3) thus indicating the presence of
smaller Si-nc.

The whole ensemble of Si-nc seems affected by the thick-
ness of the layer (blue shift of peak wavelength). This means
that the kinetics of Si-nc nucleation and growth is influenced
by the layer thickness. The reduction of efficiency well corre-
lates with the reduction of mean size and can be attributed
to the reduction of nc-Si density and to the increase of Si-nc
amorphous fraction as already mentioned.

As a matter of fact [17], SRO can suffer of oxygen in dif-
fusion during the annealing process due to the presence of
residual oxygen into the furnace. As a consequence, nc-Si are
oxidized and consequently their mean size and their density
can be reduced. The capping layer has the purpose of block-
ing the oxidation process. Thick samples (200 nm thick) are
marginally affected by the oxygen in-diffusion process; both
intensity (Figure 2) and peak wavelength (Figure 3) are only
slightly different in capped and uncapped samples (samples
S3, S4, S6, and S7).

Oxygen in-diffusion is, instead, really a detrimental effect
for thin samples (S1, S2, and S5); PL emission is noticeably
blue shifted (Figure 3) and the efficiency is highly reduced
(Figure 2). The presence of the capping layer on the S1 sam-
ple is capable of slowing down the oxidation process of nc-Si
but it is not enough to completely stop it. PL efficiency of
sample S1 is reduced with respect to that of sample S3 and
also the peak wavelength is clearly blue shifted. The effect is
much more evident on the uncapped S2 sample where the PL
efficiency is reduced of two orders of magnitude with respect
to the corresponding uncapped thick sample (S4).

3.3. Different pumping wavelength

Silicon rich oxide samples typically develop Si nanocrystals
with a wide distribution of size [13, 14]. nc-Si absorption
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Figure 3: Photoluminescence peak wavelength for different sam-
ples. Sample details are reported in Table 1.

edge blue shifts with the reduction of the particle size be-
cause of the bandgap enlargement. This means that the PL
emission can be affected by the choice of the pumping wave-
length, that is, by the penetration depth of the laser light
or by the selective excitation of a subset of the Si-nc. In or-
der to clarify this effect, photoluminescence measurements
were performed with the UV-PMT (pumping wavelength
360 nm) and Vis-PMT (pumping wavelength 488 nm) con-
figurations. Luminescence spectra of sample S3 are reported
in Figure 4(a) for both pumping wavelengths. The spectral
shape does not change with the change of the pumping wave-
length. In Figure 4(b), luminescence spectra of sample S6 are
reported for both pumping wavelengths. A slight blue shift
can be observed in the case of 360 nm pump. Samples S3
and S6 are different for the Si content, S6 is expected to have
smaller size Si-nc than S3. Figure 4(b) clearly indicates that
small size Si-nc are better excited by short wavelength light
because of bandgap enlargement due to quantum confine-
ment. From the experimental point of view, despite the ef-
fect of quantum confinement, PL spectra do not change dra-
matically and the results obtained with both the wavelength
(360 nm and 488 nm) are comparable.

4. CONCLUSIONS

Efficient light emitting silicon nanocrystals of different sizes
can be effectively produced by means of PECVD deposition
followed by high-temperature annealing of SRO layers. Data
point out that luminescence efficiency is a trade-off between
positive and negative factors. Light emission is clearly influ-
enced by quantum dots size, being poor for very large or
small Si aggregates. A rough control on Si-nc size can be ob-
tained by playing with Si concentration and annealing tem-
perature and time. Unfortunately, a deposition technique ca-
pable of independently affecting PL efficiency and Si-nc size
is still lacking. Oxygen in-diffusion, during the annealing
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Figure 4: (a) Sample S3 luminescence emission for 360 nm (red line) and 488 nm (black line) pumping wavelength. (b) Sample S6 lumines-
cence emission for 360 nm (red line) and 488 nm (black line) pumping wavelength. Sample details are reported in Table 1.

process, affects the PL properties of thin (∼50 nm) SRO lay-
ers. The presence of an Si3N4 capping layer is useful to slow
down the oxidation process of nc-Si but is not capable to
completely stop it especially in thin films. This has to be taken
in mind when thinking to device integration.
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1. INTRODUCTION

Luminescent niobate crystals activated with trivalent lan-
thanide ions (Ln3+) have been the subject of considerable
attention in the past decades. In particular, lithium niobate
(LiNbO3) has attracted huge interest as a valuable host for
Ln3+ ions, with important applications in the field of opto-
electronics and light emitting devices [1]. Moreover, other
niobates such as strontium barium niobate (SrxBa1−xNb2O6)
(SBN) and barium sodium niobate (BNN), activated with
Ln3+ ions, are very promising materials in the field of pho-
torefractive memories [2] and linear and self-frequency con-
verter solid state laser materials [3, 4]. It is important to note
that in all these crystals the location of the Ln3+ in the lattice
is not obvious, as the trivalent lanthanide ions cannot easily
replace the constitutional cations (Li+, Na+, Sr2+, Ba2+, Nb5+)
due to clear size and/or charge mismatches. This location has
been addressed by several studies where optical and/or struc-
tural techniques have been employed [5, 6]. Nevertheless, it is
still a matter of debate whether the Ln3+ can substitute for the
smaller and higher charged Nb5+ cation in a crystalline lattice
[7]. One possible contribution to the solution of this prob-
lem is to verify if it is feasible to dope Ln3+ ions in a lattice
in which only the formally pentavalent niobium cations can
be replaced, that is, Nb2O5. For this reason, we found it in-

teresting to investigate the synthesis and the structural prop-
erties of crystalline niobia (Nb2O5), doped with Eu3+. More-
over, although nanocrystalline niobia has been shown to be a
valuable material finding applications as catalyst and sensor
[8, 9], very scarce information is available on the preparation
and spectroscopic investigation of nanocrystalline Nb2O5 ac-
tivated with lanthanide ions. For this reason, in this paper we
report on the synthesis and characterization, and on the op-
tical spectroscopy of Nb2O5:Eu3+ in nanocrystalline form.

2. EXPERIMENTAL PROCEDURE

Nanocrystalline powders of Eu3+ doped Nb2O5 were pre-
pared by a Pechini approach [10]. The molar ratio between
the niobium and the Eu3+ ions was 99:1. An appropri-
ate amount of citric acid was first dissolved in hot water,
then niobium ammonium oxalate (NAmOx), Eu(NO3)3, and
polyethylene glycol (PEG) were added. The resulting solution
was stirred for 10 minutes. The gel was obtained by drying
the solution at 90◦C for 2 days. The nanocrystalline powder
was obtained by heat-treating the gel at 400◦C for 2 hours
and then at 600◦C for 1 hour. The sample will be denoted as
Nb2O5:Eu hereafter.

The powder X-ray diffraction (XRD) pattern of the
Nb2O5:Eu sample was recorded overnight with a Bruker D8
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diffractometer in the Bragg-Brentano geometry using Cu Kα

radiation (λ = 1.5418 Å). The X-ray generator worked at a
power of 40 kV and 40 mA and the goniometer was equipped
with a graphite monochromator in the diffracted beam. The
resolution of the instrument (divergent and antiscatter slits
of 0.5◦) was determined using α-SiO2 and α-Al2O3 standards
free from the effect of reduced crystallite size and lattice de-
fects. The powder patterns were analyzed according to the
Rietveld method [11] using the program MAUD [12] run-
ning on a personal computer. It is worth to recall that the
MAUD program takes into account precisely the instrument
broadening and, under the selected assumption of isotropic
peak broadening as a function of reciprocal space, performs
the separation of the lattice strain contribution to the broad-
ening from the reduced crystallite size. Relative agreement
factors Rwp and RB are generally reported to determine the
ability of the implemented structural model in accounting
for the experimental data, which are unavoidably affected by
statistical noise due to the limited time of pattern collection.

Transmission electronic microscopy (TEM) images were
obtained with a JEM 200CX working at 200 kV; selected area
diffraction images were obtained with a camera length of
82 cm.

The 488.0 nm line of a Spectra-Physics Stabilite 2017 ar-
gon Laser was used to excite the luminescence and Raman
spectra. The emission radiation was collected by using an
optical fiber and dispersed with a Jobin-Yvon HR460 0.46 m
monochromator equipped with a 150 lines/mm (for low-
resolution luminescence spectra) or a 1200 lines/mm (for
high-resolution luminescence and Raman spectra) grating.
A suitable notch filter was employed to measure the Raman
spectrum, in order to suppress the 488.0 nm Rayleigh ra-
diation. Due to the notch filter, the Raman spectrum can
be collected for Raman shifts higher than 250 cm−1. An air
cooled Jobin-Yvon Spectrum One CCD device was employed
to detect the emission radiation. The resolution of the lu-
minescence spectra is ±1 nm for low-resolution lumines-
cence spectra (560–730 nm range) and ±0.2 nm for high-
resolution spectra (577–584 nm range). The spectral resolu-
tion of the Raman spectrum is ±2 cm−1. The emission decay
curves were measured using as the excitation source the sec-
ond harmonic (at 532 nm) of the fundamental radiation of
a Quanta System pulsed Nd-YAG laser. The emission radia-
tion was dispersed with the above mentioned monochroma-
tor and detected with a Hamamatsu GaAs photomultiplier
connected to a Le Croy Waverunner 500 MHz digital oscillo-
scope. All the spectroscopic measurements were performed
at room temperature.

3. RESULTS AND DISCUSSION

The X-ray diffraction pattern of the Nb2O5:Eu sample is re-
ported in Figure 1 as data points, together with the result of
the Rietveld fit (full lines). It is possible to assess that the sam-
ple is single phase. The pattern is typical of an orthorhombic
Nb2O5 structure, reported with space group Pbam by Kato
and Tamura [13]. The values of lattice parameters refined
from the pattern (see Table 1) are not too different from the
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Figure 1: XRD patterns for the Eu3+ doped nanocrystalline Nb2O5

sample. Dots are experimental data points, full lines are the result
of the Rietveld fit. The sequence of bars is calculated from the or-
thorhombic structure factor Pbam with the lattice parameters re-
ported in Table 1 and marks the positions expected for any peak.
The band at the very bottom of the plot reports the residuals, that
is, the difference between the square root of calculated and experi-
mental intensities.

values reported by Kato and Tamura [13] from single crys-
tal data and the small differences found may be ascribed to
the insertion into the matrix of the doping agent here used.
It should also be noted that various forms of the Nb(V) ox-
ide are known from literature, namely tetragonal [14] and
monoclinic [15]. Further, additional monoclinic forms exist,
which are modified by pressure and temperature. The pattern
of our orthorhombic Nb2O5:Eu sample is in close agreement
with that reported by Pinna et al. [16]. Direct evaluation of
the line broadening by the Rietveld program MAUD, which
includes the correction for the instrument function, gives an
average crystallite size of about 25 nm with a sensible amount
of lattice strain of 0.002.

The crystallography and morphology of the powder were
also probed by selected Area electron Diffraction (SAD). In
Figure 2(a), a TEM bright field image shows monodisperse
rectangular nanoparticles with a narrow particle size dis-
tribution. The mean particle dimensions were determined
by averaging over about one hundred particles. The average
length and width were observed to be 26 and 19 nm, respec-
tively. This result agrees with the size obtained from XRD
with the Rietveld method and with the observations by Pinna
et al. [16].

The Raman spectrum of the niobia sample under inves-
tigation is shown in Figure 3. A strong broad band peaking
at about 700 cm−1 dominates the Raman spectrum although
some weaker features around 300 cm−1 can be observed. The
spectrum is very similar to the one found by Brayner and
Bozon-Verduraz for a nanocrystalline orthorhombic Nb2O5

sample prepared by a soft chemical route [17]. The broad
band around 700 cm−1 can be attributed to the stretching
modes of the NbO6 polyhedra typical of the orthorombic
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Table 1: The main crystallographic and microstructure parameters for the Nb2O5:Eu sample from the best-fit data of Figure 1.

Geometry and space group Lattice parameters (Å) Crystallite size (Å) Lattice strain (x10−3) Agreement index Rwp

Orthorhombic Pbam
a = 6.191 (±2)
b = 29.244 (±5)
c = 3.926 (±2)

230± 30 2.0 (±0.2) 4.7 %

50 nm
25 nm

21 nm

Nb2O5
[0 0 1]

[1 8 0]
[1 8 1]
[0 0 2]
[3 8 0]
[3 8 1]
[3 8 2]

Figure 2: TEM and SAD images for the Eu3+ doped nanocrystalline
Nb2O5 sample.
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Figure 3: Room temperature Raman spectrum of the Eu3+ doped
nanocrystalline Nb2O5 sample.

Nb2O5 crystalline structure. The remarkable broadening of
this band suggests the presence of distorted niobia polyhedra.
Besides, the weaker bands around 300 cm−1 are characteristic
of the bending modes of the Nb−O−Nb linkages [17].

The room temperature laser excited luminescence spec-
trum in the 560–730 nm region is shown in Figure 4. The
spectrum is characterised by emission bands ascribed to
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Figure 4: Room temperature luminescence spectrum of the Eu3+

doped nanocrystalline Nb2O5 sample (λexc = 488.0 nm). Inset:
5D0 → 7F0 emission band.

5D0 → 7FJ (J = 0, 1, 2, 3, 4) transitions. These bands ap-
pear to be significantly broadened, a behaviour typical of lan-
thanide impurities in disordered environments. It should be
noted that the 5D0 → 7F0 emission band of the Eu3+ ion
(shown in the inset of Figure 4) is characterised by a full
width at half maximum (FWHM) of 32 ± 2 cm−1, which is
much higher than for ordered crystalline materials, in agree-
ment with the presence of a high degree of disorder for the
Eu3+ sites in the Nb2O5 host. This FWHM value results to be
even higher than the one observed for Eu3+ doped strontium
barium niobate (SBN) single crystals (FWHM = 24 cm−1)
[6], which are among the crystals affected by a high degree of
intrinsic disorder. Moreover, the FWHM for the Nb2O5:Eu
sample is very similar to that found for Eu3+ doped SBN
nanocrystalline powders (FWHM of about 30 cm−1) [18].
The presence of such disorder is attributed to the differ-
ence in the ionic radii in octahedral coordination for Nb5+

(78 pm) and for Eu3+ (108.7 pm) [19], so that the substitu-
tion of the dopant ion cannot easily occur without distor-
tions, which are likely to be affected by a site-to-site variation.
Moreover, the necessary charge compensation could also oc-
cur in a variety of different ways, giving rise to a distribution
of possible sites for the Eu3+ ions.

The asymmetry ratio

R = I
(5
D0 −→ 7F2

)

I
(

5D0 −→ 7F1
) (1)

of the integrated intensities of the hypersensitive 5D0 →
7F2 and the magnetic dipole 5D0 → 7F1 transitions can be
considered indicative of the asymmetry of the coordination
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Figure 5: Room temperature luminescence decay curve of the
Eu3+ doped nanocrystalline Nb2O5 sample (λexc = 532 nm, λem =
610 nm).

polyhedron of the Eu3+ ion [20]. In particular, the lower the
R value is, the higher is the site symmetry at the Eu3+ ion. The
value of the asymmetry parameter for the Nb2O5:Eu sample,
obtained from the measured emission spectra (see Figure 4),
results to be 6.0 ± 0.1. This value indicates that the Eu3+

ions are accommodated in noncentrosymmetric sites [20],
in agreement with the fact that the forbidden transition is
clearly detectable. This value appears to be on the upper side
of the R range commonly found for Eu3+ doped glass hosts
(R = 3− 6) [20].

The RT emission decay curve of the 5D0 level (see
Figure 5) show a nonexponential behaviour. The nonexpo-
nential shape of the luminescence decay curve is mainly as-
cribed to the disorder affecting the sites in which the Eu3+

ions are accommodated, as also evidenced by the significant
inhomogeneous broadening of the emission bands. We eval-
uate the effective average emission decay time τavg using the
equation (see [21])

τavg =
∫
tI(t)dt
∫
I(t)dt

, (2)

where I(t) represents the luminescence intensity at time t
corrected for the background and the integrals are evaluated
on a range 0 < t < tmax, where tmax � τavg. The obtained τavg

value for the Nb2O5: Eu sample is 0.78 ± 0.01 millisecond.
This value of the effective decay time is similar to that found
for SBN nanopowders (about 0.70 millisecond) [18]. The ra-
diative lifetime τR of the 5D0 level of the Eu3+ ion can be es-
timated using the formula (see [22])

1
τR
= AMD,0n

3
(

Itot

I
(

5D0 −→ 7F1
)
)

, (3)

where n is the refractive index of the medium, AMD,0 is the
spontaneous emission probability for the 5D0 → 7F1 tran-
sition in vacuo, and Itot/I(5D0 → 7F1) is the ratio of the
total area of the Eu3+ emission spectrum to the area of the
5D0 → 7F1 band. The refractive index of the Nb2O5 host is
taken as 2.4, as reported for Nb2O5 thin films [23, 24]. The

AMD,0 value is estimated to be 14.65 s−1 [22]. The radiative
lifetime τR of the 5D0 level of the Eu3+ ion, obtained from (3)
and the measured emission spectrum (see Figure 4), results
to be 0.56 millisecond. It is worth noting that the experimen-
tal effective lifetime τavg results to be longer than the radia-
tive lifetime obtained from (3). The lengthening of the emis-
sion decay time of the 5D0 level was also observed for some
Eu3+ doped nanosized materials, such as Eu3+ doped Y2O3

nanopowders [25] and Eu3+ doped nanocrystalline zirconia
[26]. This behavior can be due to a lower refractive index
(neff) surrounding the Eu3+ ion in the nanocrystalline mate-
rial with respect to the bulk size host, due to the fact that the
filling factor (the fraction of the volume of the host occupied
by the nanoparticles) is lower than one [25].

4. CONCLUSIONS

This work has shown that the synthesis of nanocrystalline
niobia activated with Eu3+ ions is successfully achieved with
the Pechini method. The obtained materials are single phase,
with rectangular cross section nanoparticles of crystallite av-
erage length and width of 26 and 19 nm. Among the pos-
sible niobia polymorphs, the orthorhombic one with space
group Pbam is observed. The luminescence features are af-
fected by sizeable inhomogeneous broadening due to disor-
der around the dopant ions. The strongest emission band
of the Eu3+ doped nanocrystalline Nb2O5 sample peaks at
about 610 nm, suggesting a possible use of the present ma-
terial as a red phosphor for lighting devices. In fact, the
emission is quite efficient with reasonably long decay times,
also due to the relatively low phonon cutoff of the nio-
bia lattice (about 700 cm−1), making nonradiative relaxation
inefficient. Therefore, it appears justified concluding that
nanocrystalline Nb2O5 activated with Eu3+ ions can be con-
sidered as an interesting and promising luminescent and
multifunctional material. The present study shows that pen-
tavalent niobium ions can be substituted by trivalent lan-
thanide ions in crystalline niobates. This substitution is ac-
companied by a strong disorder around the Ln3+ ions.
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Combustion and sol-gel methods were used to prepare the upconverting nanocrystalline ZrO2:Yb3+,Er3+ phosphors. The crystal
structure was studied by X-ray powder diffraction and the crystallite sizes were estimated with the Scherrer formula. Impurities
and nanomaterials’ thermal degradation were analyzed with FT-IR spectroscopy and thermal analysis, respectively. Upconversion
luminescence and luminescence decays were studied with IR-laser excitation at 977 nm. All nanomaterials possessed the cubic ZrO2

fluorite-type structure except for a small monoclinic impurity obtained with the sol-gel method. The conventional NO−
3 and OH−

impurities were observed for the combustion synthesis products. The ZrO2:Yb3,Er3+ nanomaterials showed red (630–710 nm)
and green (510–570 nm) upconversion luminescence due to the 4F9/2 → 4I15/2 and (2H11/2, 4S3/2) → 4I15/2 transitions of Er3+,
respectively. The products of the combustion synthesis exhibited the most intense luminescence intensity and showed considerable
afterglow. It was concluded that excitation energy is partially trapped in the system and subsequently bleached thermally to the
luminescent Er3+ center to yield “persistent upconversion”.
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1. INTRODUCTION

One of the most sophisticated and, at the same time, the
most complex applications of lanthanide luminescence is in
the medical diagnostics [1]. However, there are some ma-
jor problems in the use of photoluminescence based on the
UV excitation in immunoassays [2]. Human blood absorbs
strongly UV radiation as well as the emission of the phos-
phor in the visible [3]. The observation of luminescence
from the lanthanide labels is thus basically disadvantageous.
One of the usual ways of overcoming this problem has been
the application of long-lifetime lanthanide labels (e.g., those
based on terbium and europium). However, the use of these
Tb3+-or Eu3+-based lanthanide labels in the whole-blood im-
munoassays is still difficult because the Tb3+ luminescence
(maximum emission at 545 nm) is in the same wavelength
region as the blood absorption (<600 nm). The Eu3+ lumi-
nescence (maximum at 615–620 nm) is also slightly overlap-
ping with the blood absorption. Persistent luminescence is a
useful method to solve the blood emission problem if the UV
excitation is used [4]. Persistent luminescence can be visible
for several hours after the excitation has been ceased while

the luminescence lifetime of the blood is in the ns range. Al-
though most persistent luminescence materials emit in green
or blue strongly absorbed by blood, some persistent lumines-
cence emitters in the red are known (e.g., Mn2+) [5, 6]. How-
ever, the Mn2+ ion needs a sensitizer (usually Eu2+) which ab-
sorbs the exciting radiation.The upconversion luminescence
where the absorption of two or more low-energy photons is
followed by the emission of a photon of higher energy has
witnessed numerous breakthroughs during the past decades.
Upconverting phosphors have a variety of potential applica-
tions as lasers, displays, and inks for security printing (e.g.,
bank notes and bonds) [7–9]. In addition, another promis-
ing way to overcome the problems with the blood absorption
is to use a long-wavelength excitation and benefit the upcon-
version luminescence [10]. There is practically no absorption
by the whole-blood in the near IR region and it has no capa-
bility for upconversion in the excitation wavelength region of
the conventional upconverting phosphor based on the Yb3+

(sensitizer) and Er3+ (activator) combination. It is also pos-
sible to find a red emitting ion (Er3+).

For coupling to biological compounds, nanometer-sized
upconverting phosphor particles are required. Moreover,
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nanophosphors with high luminescent efficiency are vital
in the development of novel homogeneous label technology
for quantitative all-in-one whole-blood immunoassay which
uses low-cost measurement devices [11].

In this work, nanocrystalline upconverting phosphors
with zirconium oxide (zirconia, ZrO2) as the host lattice were
prepared. The local environment, the dopant concentration,
and the distribution of active ions in the host material af-
fect the upconversion efficiency [12, 13]. Taking into account
these requirements (among others), zirconia offers a very ap-
propriate medium for the preparation of highly luminescent
materials because it is chemically and photochemically sta-
ble, and has a high refractive index (2.15–2.18) and a low
phonon energy. The stretching frequency of the Zr–O-bond
is about 470 cm−1, which is much lower than for Al–O (870)
or Si–O (1100) but higher than for Y–O (300–380 cm−1)
[12].

In the zirconia host, the lanthanide dopants possess mul-
tisite positions that improve the absorption efficiency and
potentially enhance the resonant energy transfer from the
sensitizer (Yb3+) to the activator (Er3+). The ZrO2:Yb3+,Er3+

nanophosphors were obtained with several soft chemistry
methods and the possible impurities were studied mainly
with FT-IR spectroscopy. Materials’ preparation and thermal
degradation were studied with thermal analysis (TG, DTA).
Crystal structures and phase purities were analyzed with X-
ray powder diffraction (XPD). Upconversion luminescence
and decays were obtained at room temperature with NIR ex-
citation. A comparison was made between the luminescence
intensities and the crystallite size, the crystal structure, as
well as the impurities of the phosphors. Finally, a new phe-
nomenon, persistent upconversion luminescence was intro-
duced and discussed.

2. EXPERIMENTAL

The ZrO2:Yb3+,Er3+ nanomaterials were prepared with the
combustion [14] and sol-gel methods [15]. The synthesis af-
fects the type and amount of impurities as well as the crystal-
lite size, which in turn has a profound influence on the up-
conversion luminescence intensity. Accordingly, the method
of preparation should be chosen carefully taking into account
both the crystallite size as well as the intensity and color of lu-
minescence of the nanomaterial. This may lead to quite diffi-
cult tradeoffs.

The precursor materials of ZrO2:Yb3+,Er3+ prepared
with the combustion synthesis were the aqueous solu-
tions of zirconyl nitrate (ZrO(NO3)2) as well as yt-
terbium and erbium nitrates (Yb(NO3)3 and Er(NO3)3,
resp.). The nominal concentrations of Yb3+ (99.9%) and
Er3+ (99.99%) were ten and four mole-%, respectively,
of the ZrIV amount. Glycine (NH2CH2COOH), semicar-
bazide (H2NCONHNH2·HCl), urea ((NH2)2CO), citric acid
(HOC(COOH)(CH2COOH)2), or 2-amino-2-methyl-1,3-
propanediol (AMP, (HOCH2)2C(NH2)CH3) served as the
fuel. Additional ammonium nitrate (NH4NO3) was used as
an oxidizer with selected fuels. The combustion reaction was
carried out in a glass reactor using a weak upward air flow.

Some of the products were postannealed in air at 700◦C for
1 hour if the material’s crystallinity was poor.

The ZrO2:Yb3+,Er3+ nanomaterials obtained with the
sol-gel method had the zirconium-n-propoxide as a precur-
sor to which the aqueous ytterbium and erbium nitrate solu-
tions were added. After gelation, the materials were dried and
annealed for 3 or 6 hours at 400◦C and for 10 or 20 hours at
1000◦C in static air in a ceramic crucible with a lid.

The FT-IR spectra between 400 and 4000 cm−1 were mea-
sured with a Mattson Instruments GALAXY 6030 spectrom-
eter with a 4 cm−1 resolution. The materials were mixed with
KBr and then pressed to transparent discs.

The TG and DTA curves between 25 and 1200◦C were
measured in flowing air (100 cm3 min−1) with a TA instru-
ments SDT 2960 Simultaneous DTA-TGA thermoanalyzer
with a heating rate of 5◦C min−1. α-Al2O3 was used as both
the reference and crucible material.

The crystal structure and phase purity of the
ZrO2:Yb3+,Er3+ nanomaterials were analyzed with the
X-ray powder diffraction (XPD) measurements. The pat-
terns were collected with a Huber 670 image plate (2θ range:
4–100◦) Guinier-camera (CuKα1 radiation: 1.5406 Å).

The crystallite size of each ZrO2:Yb3+,Er3+ nanomaterial
was estimated from the diffraction data by using the Scherrer
formula [16]

d=
0.9× λ
β × cos θ

, (1)

where, in this formula, d (m) is the mean crystallite size, λ
(m) the X-ray wavelength, β (rad) the full width at half max-
imum (FWHM) of the [111] reflection (2θ = 30.2◦), and θ
(◦) half of the Bragg’s angle (2θ). The reflection broadening
due to the diffractometer setup was eliminated from the βs-
value by using a microcrystalline ZrO2 reference (βr):

β2 = β2
s − β2

r . (2)

The upconversion luminescence spectra of the nanoma-
terials were measured at room temperature with an Ocean
Optics PC2000-CCD spectrometer. The excitation (λexc =
977 nm) source was an HTOE FLMM-0980-711-1300m IR
laser diode. The decay curves were measured with the same
excitation source at 650 nm. The width of the excitation pulse
was 1 millisecond. After each pulse there was a 9-millisecond
delay before the next pulse. One measurement consisted of
1000 pulse-delay cycles.

3. RESULTS AND DISCUSSION

3.1. Material impurities

The FT-IR spectra of the ZrO2:Yb3+,Er3+ nanomaterials re-
vealed the presence of the conventional impurities (NO−

3 ,
OH−) in the materials prepared by the combustion synthesis
(see Figure 1). The amount of these impurities depended on
the fuel used; the highest amount of impurities was observed
when urea was used as a fuel. The organic compounds (fu-
els) were mainly decomposed to CO2, H2O, and NOx, but
it is possible that the nanomaterials contain also some car-
bon residue since the ZrO2 nanomaterials prepared with the
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Figure 2: TG and DTA curves of the ZrO2:Yb3+,Er3+ nanomaterial
prepared by the combustion synthesis (glycine as the fuel).

combustion method were generally brown, whereas the body
color of pure ZrO2 is white. On the other hand, as to be
discussed later in more detail, the substitution of ZrIV with
Yb3+/Er3+ creates oxygen vacancies which may act as color
centers, absorb in the visible, and cause the brownish color.
No such impurities were observed in the ZrO2:Yb3+,Er3+

nanomaterials prepared with the sol-gel method though it
is evident that moisture was present in these materials. The
amount of moisture (or OH− groups) was greatly diminished
by postannealing at 1100◦C.

The stretching frequency of the Zr–O-bond is about
450 cm−1 (see Figure 1) which is in agreement with the lit-
erature value [12]. The Yb–O (or Er–O) vibrations could not
be observed with the present experimental setup.

3.2. Thermal degradation

The TG curve of the ZrO2:Yb3+,Er3+ nanomaterial, prepared
with the combustion method, showed the decomposition
of nitrates at 250–450◦C (see Figure 2). No moisture was
present because no low-temperature weight loss was ob-
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Figure 3: XPD patterns of selected ZrO2:Yb3+,Er3+ nanomaterials
prepared with the combustion synthesis.

served below 200◦C. With glycine used as the fuel, a fur-
ther mass change was observed between 500 and 650◦C. This
change is due to the decomposition of zirconium oxycarbon-
ates/oxynitrates which are surprisingly stable to high tem-
peratures as are the corresponding rare earth oxycarbon-
ates/oxynitrates [17, 18]. The exothermic signal in the DTA
curve around 700◦C can be related to the appearance of a
crystalline phase of ZrO2:Yb3+,Er3+ as indicated by the XPD
patterns. The gradual weight loss at higher temperatures can
be taken as an indication of evaporation of tightly bound
species, for example, OH− groups (as water). The presence
of these impurities may have a nefarious effect on the lumi-
nescence performance of these nanomaterials.

The TG curve of the material prepared with the sol-gel
method showed a practically constant weight. No signals
were observed in the DTA curve either.

3.3. Crystal structure and crystallite sizes

The XPD measurements revealed that the structure of the
ZrO2:Yb3+,Er3+ nanomaterials was that of the typical cubic
yttria stabilized zirconia (the cubic YSZ phase: space group
Fm 3 m, no. 225, Z = 4) [19]. The nanomaterials, prepared
with the combustion synthesis (see Figure 3), were essen-
tially pure, whereas small amounts of the monoclinic zir-
conia phase (P21/a, no. 14, Z = 4) [19] as an impurity was
found in the materials prepared with the sol-gel method (see
Figure 4). The presence of the monoclinic phase is proba-
bly due to the partial segregation of ZrO2:Yb3+,Er3+ to the
individual ZrO2 and (Yb,Er)2O3 phases since very weak re-
flections belonging to R2O3 were noticed in the XPD pat-
terns. The crystallite sizes estimated with the Scherrer equa-
tion [16] were 5–30 and ca. 50 nm for materials prepared
with the combustion synthesis and the sol-gel method, re-
spectively.

3.4. Upconversion luminescence

The excitation process for the upconversion emission of Er3+

ions (see Figure 5) under infrared excitation (λexc = 977 nm)
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has been well established in the literature, for example,
[20–22]. Though this mechanism is well known, in view of
the phenomenon described later on, it is presented here as
well. The first photon of near-infrared (NIR) radiation ex-
cites the Yb3+ ion to the sole excited 2F5/2 level from which
the excitation may relax radiatively back to the ground 2F7/2

level. Taken into account the long radiative life time of the
excited 2F5/2 level (typically 1 millisecond), the Yb3+ ion may
transfer well the excitation energy to an Er3+ ion with higher
probability than decaying radiatively. The Er3+ ion is first
promoted to the 4I11/2 level, and further to 4F7/2 due to ab-
sorption and energy transfer of another NIR photon. Then
Er3+ decays rapidly and nonradiatively to the 2H11/2, 4S3/2 or
4F9/2 (or lower) levels. The upconversion emission is custom-
arily assigned to the following transitions: green emission
in the 510–570 nm region to the (2H11/2, 4S3/2)→4I15/2 tran-
sitions; and red emission in the 630–710 nm region to the
4F9/2→4I15/2 transitions of the Er3+ ion. It should be noted
that other pathways (including the initial ground-state ab-
sorption (GSA) and further excited-state absorption (ESA))
may be possible involving the Er3+ ions only, though their
probabilities are low, partly due to the low Er3+ concentra-
tion.

In the ZrO2 matrix, the luminescence transitions are
rather broad and without evident crystal field fine structure.
This observation is in agreement with the multisite positions
occupied by the trivalent Yb3+ and Er3+ ions. This is due to
the lack of any trivalent ion site in the ZrO2 structure and the
creation of oxide vacancies (Kröger-Vink notation: V••O ) re-
sults from the Yb3+ and Er3+ ions occupying the tetravalent
ZrIV site (Yb′Zr or Er′Zr) in the cubic fluorite type structure. At
least three different sites with different point symmetries due
to the different position of the oxide vacancies around the
R3+ ion have been found for the ZrO2:Y3+,Eu3+ system with
the use of optical site selective excitation techniques [23] and
EXAFS measurements [24]. Moreover, the inhomogeneous
broadening of the Eu3+ emission lines was taken as an indica-
tion of a relaxation of the oxide sublattice towards the oxide
vacancies creating a number of sites with rather similar point
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symmetries. There is no doubt that similar charge compen-
sation schemes are present in the ZrO2:Yb3+,Er3+ nanomate-
rials because of the similar size of the Yb3+ and Y3+ dopants
when compared to ZrIV.

The highest luminescence intensity was obtained from
the ZrO2:Yb3+,Er3+ nanomaterials obtained with the com-
bustion synthesis with semicarbazide used as the fuel (see
Figure 6). This is due to the structurally pure (cubic) mate-
rial, whereas the material prepared with the sol-gel method
was a mixture of both the cubic and monoclinic forms. The
difference between the luminescence intensities might also be
due to the different surrounding microdomains of the Yb3+

and Er3+ ions, and due to other impurities.
The heating of the nanomaterial prepared with the com-

bustion synthesis at 1100◦C for 2 hours did not increase
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the crystallite size. This might be due to a too low
heatingtemperature and/or too short heating time. Because
of the equal crystallite sizes, the luminescence intensities of
the both materials prepared with the combustion synthesis
were also quite equal.

The ZrO2:Yb3+,Er3+ nanomaterials exhibit a very high
Ired/Igreen ratio (note the logarithmic y-scale in Figure 7)
compared to other host materials (e.g., NaYF4) [25]. This
is due to the very low intensity of the green luminescence.
In the ZrO2 host, there are three main reasons for the weak
green luminescence: the multiphonon relaxation, the cross-
relaxation, and trapping of excitation energy by lattice de-
fects. The prerequisites for efficient multiphonon relaxation
are an energy level close below the luminescent level and/or
high-energy phonon(s). The energy difference between the
4S3/2 (2H11/2) levels yielding the green luminescence and the
next lower level (4F9/2) is ca. 3000 cm−1 (ca. 3700). The Zr–
O phonon energy is 470 cm−1 [12] and the Er–O energy is
approximately the same. In pure materials, the multiphonon
relaxation process is not probable because too many (six or
seven) lattice phonons are needed to quench the green lumi-
nescence. However, when the crystallite size is smaller, there
exist impurities (e.g., NO−

3 , OH−) on the large surface area
to facilitate the quenching. The surface itself may act as a
quenching center too. The probability of the multiphonon
relaxation is increased because the impurities have higher
phonon energies (up to 1500 and 3500 cm−1 for NO−

3 and
OH−) and thus less phonons (one or two) are needed for
quenching. Finally, the multiphonon relaxation of the green
luminescence enhances the intensity of the red luminescence
by populating the 4F9/2 level.

The energy difference between the 4F9/2 level yielding
the red luminescent and the next lower 4I9/2 level is also ca.
3000 cm−1. The probability for the multiphonon relaxation
of the red luminescence should be comparable to that of the
green one. However, the red emission is much stronger and
thus the multiphonon relaxation seems to be inefficient in
this case. Finally, it should be noted that both the green and
red luminescence of the ZrO2:Yb3+,Er3+ nanomaterials are

rather weak when compared to other host lattices studied
(e.g., NaYF4 and Y2O2S) [25]. The multiphonon relaxation
processes can thus explain the weakness of the total but not
the individual green luminescence alone.

The second process that may affect the luminescence
intensities is cross-relaxation. There may be three possible
cross-relaxation processes resulting in the quenching of the
green luminescence. First of all, the quenching of the green
emission from 4S3/2 proceeds via the thermally activated
2H11/2 level. The first process involves the 2H11/2→4I13/2 re-
laxation and the 4I9/2 ← 4I15/2 excitation; the energy be-
ing ca. 12500 cm−1. In the second possible cross-relaxation
process, there are coupled the 2H11/2→4I9/2 relaxation and
the 4I13/2 ← 4I15/2 excitation [13]. The energy difference re-
lated to these processes is ca. 6700 cm−1. It has been claimed
that the two cross-relaxation mechanisms are experimentally
indistinguishable [26]. The two cross-relaxation processes
are competing with the green luminescence, with the mul-
tiphonon relaxation, with each other, and also with the trap-
ping of energy. There are no known cross-relaxation pro-
cesses for the red luminescence of Er3+ because of the lack
of appropriate energy levels.

The third cross-relaxation process involves the higher ex-
cited 4F7/2 level of Er3+ which relaxes to the red emitting 4F9/2

level bypassing the green emitting levels [27]. The energy bal-
ance (ca. 5000 cm−1) is conserved by the excitation of Er3+ to
the 4F9/2 level from the 4I11/2 level which is populated due to
the NIR laser pumping. Indeed, this process would favor the
red emission.

The cross-relaxation processes of Er3+ is naturally fa-
vored by the rather high erbium concentration in the
ZrO2:Yb3+,Er3+ nanomaterials (nominally four mole-%) be-
cause then the erbium ions can locate near each other.
As a special feature in the zirconia host, the Er3+ ions
can form pairs with the aid of the oxide vacancy, that is,
Er3+−V••O −Er3+ (cf. above). In addition to the intraion cross-
relaxation processes, the interion ones can thus occur more
easily between the Er3+ ions and decrease the intensity of the
green luminescence.

The very weak green luminescence can thus be explained
with both the multiphonon and the cross-relaxation pro-
cesses but the strong red luminescence only with one of the
cross-relaxation processes. However, in order to judge the
relative probabilities of these processes, much more detailed
spectroscopic work is needed. At the moment, this is out of
the scope of the present work.

The energy trapping caused by the oxygen vacancies (cf.
the discussion about the color centers above and Section 3.5)
is also a competing process with the multiphonon and cross-
relaxation processes. The total luminescence intensity can be
quenched due to the absorption of the excitation energy but
it may also affect the relative intensities of the green and red
luminescence.

3.5. Upconversion luminescence decay

The study of the dynamics of the Er3+ red upconversion
luminescence from the ZrO2:Yb3+,Er3+ nanomaterials was
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decided to be carried out in two phases: first the feeding
processes taking place before (or simultaneously to) the Er3+

luminescence; then the decay characteristics of the proper lu-
minescence were examined in detail. It is evident with the
first glance at Figure 8, however, that the preluminescence
period was too complex and contained too few pieces of in-
formation to be exploited to yield reliable results. It should,
nevertheless, be noted that the upconversion luminescence
feeding time is very long (more than 1 millisecond). It can be
deduced in a semiquantitative manner that the Yb3+ to Er3+

energy transfer is not exceedingly efficient since the other
processes involved in the upconversion (absorption by Yb3+

(and Er3+) and relaxation from the higher Er3+ levels to the
emitting 4F9/2 level) should take only a fraction of time when
compared to the customary one-millisecond decay time of
Yb3+. The probability of the Yb3+–Er3+ energy transfer can
be deduced to be of the same order of magnitude as the emis-
sion from Yb3+. This is supported by the luminescence feed-
ing curve which barely achieves the saturation point during
the one-millisecond excitation pulse. The Yb3+-to-Er3+ en-
ergy transfer seems to be the rate determining step in the ex-
citation process and thus the time to reach the saturation can
give some information about the probability of the energy
transfer process.

The second part of the decay kinetics proved to be as
complex as the first part. However, due to a more expanded
time scale, some quantitative measurements and calculations
could be accomplished. The fitting of the red upconversion
luminescence decay curves, clearly multiexponential or even
more complicated, could be carried out to individual expo-
nential components in the linear part of the curves immedi-
ately after the influence of the feeding processes had ceased.
The results of these calculations showed that there are at least
two different luminescence lifetimes in a range from ca. 100
to ca. 300 microseconds. These values are quite typical for
the regular red Er3+ luminescence [27] and the number of
different decay times is consistent with the multisite posi-
tions occupied by the Er3+ ion. The decay curves show also
that there is no significant difference between the different

preparation methods when the shorter lifetimes are consid-
ered. Nevertheless, there is a significant difference in the long
lifetimes of the nanomaterials prepared with different meth-
ods. For the ZrO2:Yb3+,Er3+ nanomaterials prepared with the
com-bustion synthesis (and subsequently heated at 1100◦C
for 2 hours), there was observed severe afterglow. The total
length of this afterglow could not be measured because of
the ex-perimental setup but it will definitely extend to sev-
eral tens of milliseconds. This afterglow was hardly observed
by the naked eye adapted to darkness and thus does not ful-
fill the requirements of the term “persistent luminescence” in
the strictest meaning of the definition (light observed at the
il-lumination level of 0.32 mcd m−2). However, it should be
noted that the ZrO2:Yb3+,Er3+ nanomaterials for which this
afterglow was observed were not optimized for this effects,
for example, by adding agents to create lattice defects. The
intense and long upconversion luminescence indicates that
there occurs trapping of the excitation energy in the system
followed by thermal bleaching of this energy and feeding to a
luminescence center. In that sense, this emission can be called
as “persistent upconversion luminescence”.

As for the mechanism(s) of this persistent upconversion,
there are two main possibilities: the trapping of the exci-
tation energy can take place either after the absorption by
Yb3+ (the sensitizer) or after the final excitation processes by
Er3+ (the activator). The slightly more probable choice is the
energy storage in the vicinity of Yb3+ since the decay time of
Yb3+ is 3 to 10 times that of Er3+. As a further proof to the
existence of persistent luminescence for either Yb3+- or Er3+-
doped materials, one can find experimental data for (strong)
afterglow from Yb3+-doped garnets [28, 29], Er3+- doped sil-
icon, and oxysulfides [28, 30, 31]. It can be thus as-sumed,
though not yet proved, that the persistent upcon-version in
the ZrO2:Yb3+,Er3+ nanomaterials is possible. The resolution
of the exact mechanism(s) requires further work, however.

Even without further studies, it is clear that there are va-
cancies (together with other impurities, e.g., OH− groups)
present in the ZrO2:Yb3+,Er3+ nanomaterials both due to the
size and charge mismatch between the trivalent Yb3+ (and
Er3+) and the tetravalent ZrIV ions as well as to the soft chem-
istry preparation methods used. Similar defects are known to
store energy in the persistent luminescence materials (such
as Eu2+-doped alkaline earth aluminates and silicates) [32]
as well as in the photostimulated materials (such as Eu2+-
doped BaF(Cl,Br)) [33]. In the case of the ZrO2:Yb3+,Er3+

nanomaterials, the depths of these traps are compatible with
the thermal energy (kT) at room temperature and thus the
feeding from the traps can occur.

The probability of trapping the excitation energy can be
assumed to be a few orders of magnitude lower than the en-
ergy transfer to Er3+ or the emission of the Yb3+ ion. This
can, however, be improved by careful engineering of these
materials, as has been done with the alkaline earth alumi-
nates and silicates. It can be assumed that the major advan-
tages of combining the persistent luminescence and IR up-
conversion are that it can lead to efficient immunoassay ma-
terials.
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4. CONCLUSIONS

The combustion method was found to be an efficient way to
prepare the nanocrystalline upconverting ZrO2:Yb3+,Er3+ lu-
minescence materials with the cubic ZrO2 structure. The sol-
gel method yielded a mixed product with slightly larger crys-
tallite sizes, however. All materials showed rather efficient red
upconversion luminescence with broad features due to mul-
tiple Er3+ sites originating from different charge compensa-
tion schemes because of aliovalent substitution of ZrIV with
R3+. As a result of the structural purity, the combustion route
yielded products with the highest luminescence intensity.
The red/green intensity ratio was found to increase with the
decreasing crystallite size due to the weakening of the green
luminescence. This may be due to a very complex relaxation
process involving the multiphonon, cross-relaxation, as well
as energy trapping caused by lattice defects. Only one of sev-
eral cross-relaxation processes can explain at the same time
the weak green and strong red luminescence, however. This
process must thus be considered as the dominating relax-
ation process of the green luminescence.

The luminescence decay characteristics with at least two
different lifetimes in the range typical of red Er3+ lumines-
cence agreed with the multisite nature of the ZrO2 lattice.
The materials obtained with different methods showed con-
siderable differences in the longer lifetimes. Moreover, severe
afterglow, that is, persistent upconversion luminescence, was
observed for the products of the combustion route indicating
the inherent energy storage capability of the ZrO2:Yb3+,Er3+

materials.
For efficient use in bioassays, more work is needed to

yield nanomaterials with smaller and more uniform crystal-
lite sizes. Surface modifications need to be studied to allow
for the dispersion in aqueous solutions. On the other hand,
further work must be carried out to optimize the persistent
luminescence of the ZrO2:Yb3+,Er3+ nanomaterials to allow
for their use as efficient immunoassay nanomaterials com-
bining the advantages of both upconversion and persistent
luminescence.
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Dynamics of photo-excited carrier relaxation processes in cadmium selenide nanocrystal thin films prepared by chemical bath
deposition method have been studied by nondegenerate femtosecond transient pump-probe spectroscopy. The carriers were gen-
erated by exciting at 400 nm laser light and monitored by several other wavelengths. The induced absorption followed by a fast
bleach recovery observed near and above the bandgap indicates that the photo-excited carriers (electrons) are first trapped by the
available traps and then the trapped electrons absorb the probe light to show a delayed absorption process. The transient decay
kinetics was found to be multiexponential in nature. The short time constant, <1 picosecond, was attributed to the trapping of
electrons by the surface and/or deep traps and the long time constant, ≥20 picoseconds, was due to the recombination of the
trapped carriers. A very little difference in the relaxation processes was observed in the samples prepared at bath temperatures
from 25◦C to 60◦C.
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1. INTRODUCTION

Cadmium selenide (CdSe) nanocrystals (NCs) are important
materials for optoelectronics, solar cells, and several biolog-
ical applications [1–5]. Their optical tunability and stabil-
ity make them ideal candidate for the future optoelectronics
devices such as all optical switches and photovoltaics [6–9].
CdSe NCs are often grown over different substrates in the
form of thin films. Several methods are employed for grow-
ing these thin films such as chemical deposition (CD) [10–
13], electrochemical deposition (ECD) [14], photochemical
deposition (PCD) [15], chemical vapour deposition (CVD)
[16, 17], and molecular beam epitaxy (MBE) [9] methods.
Apart from the form of thin films, nanoparticles forms are
also prepared and studied in depth [18–20]. The chemical
deposition (CD) is the easiest, the cheapest, and the most
convenient method, which can produce such materials in a
large scale. By changing the deposition parameters, such as
concentrations of the individual reagents, bath temperature,
and the duration of the deposition time, the NC size and the
film thickness can be controlled.

The study of their optical properties is an essential
element in the development of above-mentioned devices.
Photo-excited carrier relaxation dynamics in these materials
have been reported by a number of groups in the recent years.
Maly et al. have studied the effect of surface states on the car-
rier relaxation dynamics in the CdSe NC films in a picosec-
ond time-scale resolution [21]. Simurda et al. have reported
the effect of surface passivation by ammonia in the carrier
relaxation dynamics in the CdSe NC thin films [22]. Ai et al.
have studied charge carrier dynamics in CdSe NC films using
a femtosecond degenerate pump-probe technique [23]. Sev-
eral other groups have reported the carrier dynamics in CdSe
quantum structures in various conditions [24–29]. However,
the carrier relaxation dynamics in the CdSe NC films pre-
pared by the CD method are still to be investigated in a thor-
oughly manner. In this study, we report the carrier relaxation
dynamics in CdSe NC films prepared by the CD method
at different temperatures by femtosecond transient nonres-
onant nondegenerate pump-probe spectroscopy. We probed
the carrier relaxation processes at various probe wavelengths
by exciting at photon energy of 3.1 eV (400 nm).
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2. EXPERIMENTAL

2.1. Sample preparation

CdSe NC films were grown on clean glass substrates by the
chemical deposition (CD) method [10–13]. Briefly, 10 mL
0.5 mol dm−3 CdSO4 solution was taken in a 40 mL beaker.
Ammonia solution was added slowly with a constant stir-
ring until the solution became clearly transparent. A freshly
prepared 10 mL Na2SeSO3 solution was added slowly to it.
Clean glass slides were inserted into the beaker and inclined
at about 20◦ angles to its wall. The bath temperature was
kept at four different temperatures: 25◦C, 40◦C, 50◦C, and
60◦C. The deposition was carried out for 30 minutes to 3
hours depending on the bath temperatures. One side of the
slide was cleaned by a cotton plug dipped in a dilute HCl.
The films were air-dried and stored for further study. The
orange-coloured as-grown films were characterized by XRD,
SEM, EDAX, and optical absorption spectroscopy. The sam-
ples were characterized by atomic force microscope (AFM)
at ambient conditions.

2.2. Femtosecond transient absorption spectrometer

Ultrafast carrier relaxation dynamics study was performed
by using a multipass amplified femtosecond Ti:sapphire laser
system from Avesta, Russia (1 kHz repetition rate at 800 nm,
50 femtoseconds, 800 μJ/pulse). The details of the setup are
described elsewhere [30]. Typically, the 800 nm output pulses
from the multipass amplifier are split into two parts to gen-
erate pump and probe pulses. One part, with 200 μJ/pulse,
is frequency doubled in a BBO crystal to generate pump
pulse at 400 nm. The other part is focused onto a 1.5 mm
thick sapphire window to generate a white-light continuum
for the probe pulses (470 nm to 1000 nm). The pump and
probe energies at the sample position were 18 μJ/pulse and
200 nJ/pulse, respectively. The angle between the pump and
probe pulses is about 8◦. The pump pulses are set at magic
angle (54.7◦) with respect to the probe pulses, which are hor-
izontally polarised. The pump and probe spot sizes at the
sample position were about 400 μm and 200 μm, respectively.
The pump-probe setup works in transmission mode. The
wavelength of the white light (probe pulses) was tuned by
the interference filter just before the photodiodes. The sig-
nal collected by the photodiodes is fed to the boxcar, and the
data acquisition is done by using the Labview programme in
a picosecond. The typical noise in the measured absorbance
change is less than about 0.4%.

3. RESULTS AND DISCUSSION

The optical absorption spectra (Figure 1) of the films ex-
hibited distinct excitonic absorption peaks (E1) at around
540 nm (2.29 eV), 550 nm (2.25 eV), 562 nm (2.21 eV), and
574 nm (2.16 eV) for the 25◦C, 40◦C, 50◦C, and 60◦C sam-
ples, respectively. The optical absorption spectra extend be-
yond 700 nm. The extended absorption beyond 700 nm that
arises in the chemical method of preparation can be at-
tributed to the surface states. The absorption peak corre-
sponds to the lowest allowed transition 1Se–1Sh [27, 31–33].
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Scheme 1: Schematic representation of the photo-excited carrier re-
laxation processes in the CdSe NC thin films prepared by the CD
method. I: carrier trapping process; II: induced absorption process;
III: recombination of the trapped carriers. All the three processes
occur consecutively and the resultant transient absorption signal
for a bandgap probe would look like a model picture as shown at
the bottom.

There is a systematic shift in the excitonic absorption peak
towards the higher-wavelength side with the increase in the
reaction of bath temperature. This indicates that there is an
increase in the grain size of the nanocrystals with temper-
ature. The room temperature bandgap of the bulk CdSe is
1.74 eV. The NC grain size was determined from the energy
of quantum confinement (i.e., ΔE = E1−Eg) using modified
Brus equation, which ranges from 1.9 nm to 2.5 nm for the
25◦C to 60◦C samples, respectively. This indicates that the
NC consists of quantum size particles (de Broglie wavelength
of the charge carriers = 4.8 nm at room temperature).

The grain sizes of the NC films were also calculated from
the XRD data using Scherrer’s formula and listed in Table 1.
The slight deviation in the grain size obtained from two dif-
ferent results could be due to a broad nature of the absorp-
tion spectra. The AFM picture of one of the CdSe samples
prepared at 40◦C is shown in Figure 2. The picture indicates
a nice uniform growth of the nanocrystals of CdSe over the
glass substrates. The formation of CdSe nanocrystals pre-
pared by the chemical bath deposition method has been re-
ported by Kale et al. [34] where they have observed a di-
rect evidence of the formation of CdSe nanocrystals from
the AFM and SEM data. The thickness of the samples deter-
mined from the weight difference method was found to be
between 300 and 500 nm. The thickness of the samples as de-
termined from the AFM measurements fairly matches with
the previous ones.

The emission from these samples was too weak to be
detected by normal steady-state fluorescence spectrometer
at room temperature; however, a very week emission could
be observed only at higher wavelengths >600 nm for all
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Figure 1: The room temperature optical absorption spectra of four
different CdSe NC thin films.
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Figure 2: A 3-dimensional AFM picture of CdSe NC thin film sam-
ple prepared at 40◦C.

the samples. This could be due to the predominance of a
nonradiative deactivation of photo-excited carriers via the
trap states available in these samples. The pump-probe ex-
periments have been carried out at room temperature. The
samples were excited (pumped) by a 400 nm (3.1 eV) light
and probed at various other wavelengths, such as 470 nm
(2.64 eV), 610 nm (2.03 eV), 710 nm (1.75 eV), and 900 nm
(1.38 eV). The 470 nm probe light corresponds to an energy
higher than the 1Se–1Sh transition level, 610 nm corresponds
very close to the 1Se–1Sh transition, 710 nm corresponds to
just below the 1Se–1Sh transition, and 900 nm corresponds
to very less than the bandgap transition in these materials.

Time-resolved transient absorption spectra of a CdSe NC
film grown at 40◦C obtained from the pump-probe spec-
troscopy are shown in Figure 3. A bleach signal was observed
in this sample from 470 nm to about 800 nm with a peak at
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Figure 3: The time-resolved transient absorption spectra of CdSe
NC thin film prepared at 40◦C.

around 610 nm. This recovers within a short time about ≤3
picoseconds with the formation of an induced absorption in
the entire visible range. One set of the pump-probe kinetic
profiles obtained at different probe wavelengths for the sam-
ple grown at 25◦C is shown in Figure 4. The kinetic profiles
for all the four samples monitored at two probe wavelengths
610 nm and 900 nm are shown in Figures 5 and 6, respec-
tively. The kinetic profiles for the other three samples grown
at 40◦C, 50◦C, and 60◦C can be found in the supporting in-
formation. The inset in the figures shows in a short-time
scale. The slight deviations in the kinetic profiles could be
related to their transient absorption spectral patterns. There
was no change in the kinetic profiles with the reduction in the
pump energy from 18 μJ/pulse to 8 μJ/pulse except that there
was a reduction in the signal intensity. The kinetic profiles at
various probe wavelengths were fitted with multiexponential
fitting parameters by using the Labview fitting programme,
and the best-fit results are listed in Table 1.

In this case, the pump pulses photo-excite the valence
band (VB) electrons to the conduction band (CB) creating
a hot electron density in the CB and holes in the VB. The
probe pulses monitor these photo-excited electrons in the
CB by a band-to-band absorption process. However, it is true
that on photo-excitation, charge carriers are generated which
is due to hole in the valence band and electron in the con-
duction band. So it is quite obvious to think that both the
electron and the hole can have transient absorption in the
visible region. However, the charge carriers can have differ-
ent cross-section of transient absorption in different probing
regions. Burda et al. [35] carried out ultrafast transient spec-
troscopy on CdSe nanoparticles monitoring at visible, near
IR, and mid-IR regions separately. They have shown clearly
that cross-section of electron is more in the visible and mid-
IR regions, and on the other hand, the hole has more cross-
section in the near-IR region. They have observed that ex-
cited dynamics in the visible and mid-IR regions are solely
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Table 1: Photo-excited electron decays time constants in different CdSe NC thin films probing at different wavelengths. (br: bleach recovery;
ia: induced absorption; iad: induced absorption decay; af: absorption formation; ad: absorption decay. The bracket values indicate the relative
percentage calculated from their pre-exponential factor values obtained from the best-fit data. The negative percentage values in the bracket
indicate the time constants for the decay processes, and the total relative percentage values for a given set of data are normalized to 100.)

Bath temp. (±2◦C)
Time constants in picoseconds (relative percentage)

Grain size, a (nm)
470 nm 610 nm 710 nm 900 nm

25
0.5 (73%) br 0.65 af 0.25 af 1.5 (62%) ad

2.9± 0.32.0 (35%) ia 10 (52%) ad 10 (47%) ad 20 (20%) ad

>100 (−8%) iad >100 (48%) ad >100 (53%) ad > 100 (18%) ad

40

0.3 (85%) br 0.3 (77%) br
0.3 (94%) br 2 af

3.2± 0.3
3 (77%) ia 20 (73%) ad

3.5 (10%) br 2.5 (33%) ia 6 (−51%) iad >100 (27%) ad

>100 (5%) br >100 (−10%) iad >100 (−20%) iad

50

0.6 (112%) br 0.65 (88%) br
0.23 (98%) br 2 af

3.6± 0.4
2.5 (16%) ia 5 (14%) ad

— 3 (28%) ia 20 (−10%) iad 50 (5%) ad

3 (−13%) iad >100 (−16%) iad >100 (−4%) iad >100 (81%) ad

60

0.5 (103%) br 0.35 (140%) br — —

3.8± 0.4
6 (33%) ia 1 (8%) ia — —

10 (−30%) iad 20 (−30%) iad 3 (44%) ad 1 (77%) ad

>100 (−6%) iad >100 (−18%) iad >100 (56%) ad 20 (23%) ad
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Figure 4: Kinetic profiles obtained at different probe wavelengths
in the pump-probe experiment for the CdSe NC thin film samples
prepared at 40◦C. Inset: kinetic profiles at short-time scales. The
solid lines represent the best-fit curves.

due to electron in the conduction band; on the other hand,
transient absorption in the near-IR region is due to the hole
in the valence band. In the present investigation, we are mon-
itoring the charge carriers in the visible region (470–950 nm)
which are attributing to the relaxation dynamics due to elec-
tron. However, there might be a very little contribution due
to the hole absorption in the visible region which is negli-
gible. Now, the kinetic bleach signals obtained at the probe
wavelengths other than 900 nm are found to be associated
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Figure 5: Kinetic profiles obtained at 610 nm in the pump-probe
experiment for the CdSe NC thin film samples prepared at 25◦C,
40◦C, 50◦C, and 60◦C. Inset: kinetic profiles at short-time scales.
The solid lines represent the best-fit curves.

with the formation of an induced absorption process, which
decays at a long-time scale. The pulse-width-limited rise time
in the bleach signal indicates that the carriers relax down
to a lower-energy level of the conduction band during this
time period (i.e., about 100 femtoseconds). The overall exci-
tation and de-excitation pathways for these samples are rep-
resented in Scheme 1. The pump-probe experiments mon-
itor the photo-excited electrons in the CB, as the bandgap
absorption is mainly dependent on the CB electron density.
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Figure 6: Kinetic profiles obtained at 900 nm in the pump-probe
experiment for the CdSe NC thin film samples prepared at 25◦C,
40◦C, 50◦C, and 60◦C. Inset: kinetic profiles at short-time scales.
The solid lines represent the best-fit curves.

The pump-probe kinetic profiles obtained at the bandgap
probe wavelengths can be modeled to an empirical equation
as written below:

−dα/dt = k1n− k2(n +m) + k3n, (1)

where k1, k2, and k3 are the rate constants for the three pro-
cesses such as carrier trapping, induced absorption, and car-
rier recombination, as indicated in Scheme 1. In (1), n is the
number density of the photo-excited electrons at the conduc-
tion band (CB), m is the inherent free-electron density avail-
able at the trap centers, and α is the overall probe absorption
in the materials. A model kinetic profile is shown the bottom
of Scheme 1. The initial bleach signal is due to the band fill-
ing effect for the bandgap probe wavelengths. A bleach signal
is not expected for the probe wavelength 900 nm. The time
constants for the bleach recovery and the formation of an in-
duced absorption process are found to be less than 1 picosec-
ond and slightly higher than 2 picoseconds, respectively. The
fast time constant (<1 picosecond) is due to the trapping of
the electrons at the surface traps and/or deep traps. The sec-
ond component (>2 picoseconds) is due to the absorption
of the trapped electrons at the trap centers as represented in
Scheme 1. The relative percentages of the observed time con-
stants were calculated from the pre-exponential factors, and
the overall percentage was fixed at 100. The relative percent-
age of the first time constant is found to be always higher
than that of the second one. Therefore, the trapping of the
electrons and the formation of the absorbing trapped elec-
trons for the further absorption to a higher energy state in
the CB are very much comprehensive to each other. The long
decay time constants obtained at these probe wavelengths
indicate a slow recombination process of the trapped carri-
ers. Similar slow recombination dynamics has been observed

by Benjamin et al. [36] in GaAs semiconductor materials,
which have attributed to the recombination dynamics due
to midgap trap states. The amplitude of the bleach signal was
higher than that of the induced absorption, and the residual
part of the absorption decay signal is very less as compared
to the previous two. Therefore, the samples could be classi-
fied as one of the fast optical response materials. There was
a slight difference in the time constants obtained in the four
different samples. However, the observed time constants fol-
low a systematic pattern following the model given in Scheme
1. The carrier-relaxation pattern in the 40◦C and 50◦C sam-
ples seems to have a similar trend, whereas the 25◦C and 60◦C
samples found to have a slightly different pattern as com-
pared to the previous two samples.

The results obtained at 900 nm were slightly different
from the above. The probe pulse monitors the initially freely
available electrons presented in the deep traps and then the
trapped electrons populated there. This is because the CdSe
nanostructured materials prepared by the CD method have a
lot of defect states. As the energy of this probe photon is very
less than that of the pump photons as well as that of the exci-
tonic absorption peak position, so there was no bleach signal
for this probe wavelength. The decay time constants obtained
from kinetic profiles at this probe wavelength indicate the re-
combination time for the electrons and the holes at the trap
centers as well as at the two band structures. The decay time
constants match well with the absorption decay time con-
stants obtained for other probe wavelengths. Similarly, there
was a slight difference in the time constants obtained in the
four different samples. This could be due to the fact that the
change in the grain size of around 1 nm within the quantum
confinement regime does not make any significant deviations
in the photo-excited carrier relaxation processes among these
four sets of samples. Hence, it is predicted that these kinds of
materials could be useful for the devices based on a fast opti-
cal response.

4. CONCLUSION

The photo-excited carrier relaxation processes in cadmium
selenide nanocrystal thin films prepared by chemical deposi-
tion method have been studied by nondegenerate femtosec-
ond pump-probe spectroscopic method. The induced ab-
sorption followed by a fast bleach recovery within a less than
3-picosecond time scale indicates that the photo-excited elec-
trons are first trapped by the trap sites and then the trapped
electrons absorb the probe light to a higher-energy level in
the conduction band which exhibits such a delayed absorp-
tion process. The short time constant, <1 picosecond, was
attributed to the trapping of electrons by the surface and/or
deep traps, and the long-time constant, >100 picoseconds,
was due to the recombination of the trapped carriers. The
amplitude of the bleach signal is very high as compared to
that of the residual part of the induced absorption decay,
which indicates that the carrier trapping process is a ma-
jor phenomenon in these materials. The samples obtained at
40◦C and 50◦C were found to have similar carrier relaxation
pattern which is different from the other two samples.
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